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Short-lived reactive components substantially
contribute to particulate matter oxidative potential
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Exposure to airborne particulate matter (PM) has been attributed to millions of deaths annually. However, the PM
components responsible for observed health effects remain unclear. Oxidative potential (OP) has gained increas-
ing attention as a key property that may explain PM toxicity. Using online measurement methods that impinge
particles for OP quantification within seconds, we reveal that 60 to 99% of reactive oxygen species (ROS) and OP
in secondary organic aerosol and combustion-generated PM have a lifetime of minutes to hours and that the ROS
activity of ambient PM decays substantially before offline analysis. This implies that current offline measurement
methods substantially underestimate the true OP of PM. We demonstrate that short-lived OP components acti-
vate different toxicity pathways upon direct deposition onto reconstituted human bronchial epithelia. Therefore,
we suggest that future air pollution and health studies should include online OP quantification, allowing more

accurate assessments of links between OP and health effects.

INTRODUCTION

Exposure to ambient particulate matter (PM) was estimated to be the
seventh leading risk factor for all-age mortality in 2019 (1) and is as-
sociated with a wide range of adverse health outcomes (2-5). The
World Health Organization recently reduced guideline annual expo-
sure limits for PM with an aerodynamic diameter <2.5 pm (PM,5)
from 10 to 5 pg m™>. Considering this recent update, 99% of the
world’s population live in locations that exceed World Health Orga-
nization guideline limits for this pollutant. Reducing PM, 5 mass
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concentrations below these guideline thresholds to limit their impacts
on human health is challenging. Therefore, future air pollution miti-
gation strategies will require toxicity-specific PM metrics to identify
the most harmful particle components, which may originate from a
wide range of anthropogenic and natural sources. PM is composed of
tens of thousands of mostly organic, highly oxidized and functional-
ized compounds but also contains inorganic salts and metals (6-8).
Organic aerosols generated in the atmosphere (rather than emitted
directly from the source) through chemical and physical gas-to-
particle conversion mechanisms, typically involving oxidation reac-
tions, are defined as secondary organic aerosol (SOA). In PM, 5, SOA
is often a dominant mass fraction, containing substantial amounts of
peroxides and other redox-active components such as quinones,
which are chemically reactive and relatively short lived (6, 8, 9).

A growing body of evidence suggests that oxidative stress, an im-
balance of the oxidant-to-antioxidant ratio favoring the former,
which can be promoted by PM upon exposure to the lung, is a fun-
damental mechanism of PM toxicity (10-12). PM-mediated oxi-
dative stress can promote cell damage, increase inflammatory and
immune responses, and exacerbate symptoms in preexisting pulmo-
nary diseases such as asthma and chronic obstructive pulmonary
disease, as well as in cardiovascular diseases (13, 14). Reactive
oxygen species (ROS), typically referring to the sum of the hydroxyl
radical (OH), superoxide radical (O, "), and hydrogen peroxide
(H,0,), in some cases including organic peroxides (ROOH) and
organic radicals, contribute to PM-induced oxidative stress, as do
redox-active transition metals (13). The capability of particles to pro-
duce ROS and promote redox chemistry with simultaneous reduc-
tion of antioxidant concentrations in the lung is defined as oxidative
potential (OP) (10). PM components including anthropogenic SOA,
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biomass burning organic aerosol, and redox-active transition metals
have been identified as especially OP-active PM components by pre-
vious studies (15-17). While OP has emerged as a metric that may
provide a crucial link between particle composition, toxicity, and
adverse human health effects, standardized measurement methodol-
ogies have yet to be developed despite increasing and widespread
measurement of OP by research groups globally (18). In addition,
uncertainty remains regarding the direct attribution of OP to adverse
health outcomes (18). Positive associations have been made between
acellular OP and health end points such as increased asthma/wheeze
(19) and fractional exhaled nitric oxide (20), in some cases with
stronger associations than PM mass concentration alone (I18). De-
spite this, multiple studies using modeling and measurement ap-
proaches have also found null associations between OP and a range of
respiratory and cardiovascular end points (18). These conflicting re-
sults, and thus the lack of a robust link between OP and adverse
health effects, may be partially due to the wide range of OP measure-
ment methods applied. Established methods for quantifying OP rely
on offline analysis, where filter samples are collected and typically
stored for hours to months before analysis. However, a substantial
fraction of the components contributing to OP, such as radicals and
organic peroxides, are highly reactive and short lived (18, 21, 22).
Therefore, offline analysis of filter samples likely underestimates the
true OP and particle-bound ROS burden of PM because of decompo-
sition of reactive species (22-26). To address this analytical-chemical
challenge, we have developed online measurement methods for OP
and ROS quantification. They provide robust, rapid quantification of
particle OP and ROS using a direct-to-reagent sampling approach,
impinging particles into reagents in a flow-through configuration
within seconds in situ. In addition, they provide highly time-resolved
data (5 to 10 min), while typical oftfline methods have a time resolu-
tion of ~24 hours (25, 27-29). The application of online approaches
substantially improves our capacity to quantify OP more robustly-
with improved temporal resolution compared to previous studies us-
ing offline approaches. However, at present, there is no comprehensive
assessment of the stability of particle-bound ROS and OP.

Here, we use two online instruments using different acellular chem-
ical assays, measuring the sum of short-lived and stable ROS and
OP. The sum of stable and short-lived ROS and OP as quantified with
our online instruments is defined here as total ROS (ROSt) and total
OP (OPry) (25, 29, 30). We reveal that established filter-based tech-
niques underestimate ROSt and OPr levels by up to a factor of 100.
Large variability in the fraction of short-lived ROS and OP of PM from
different emission sources and sample locations makes it challenging
to extrapolate OPt and ROSt from offline measurements. We also
show that online deposition of particles onto reconstituted human
bronchial epithelia cultured at the air-liquid interface (ALI) and offline
deposition of aqueous particle extracts onto the same cells trigger
substantially different biological responses, which may be attributed to
short-lived OP components. Both aspects highlight that robust quanti-
fication of OP using online direct-to-reagent sampling methods is es-
sential to identify the link between particle OP and toxicity to facilitate
more effective air pollution reduction measures in the future.

RESULTS

OP and ROS in particles are short lived

We characterized the lifetime of OP and ROS of biogenic SOA
particles, generated in the laboratory and collected on Teflon filters.

Campbell et al., Sci. Adv. 11, eadp8100 (2025) 19 March 2025

Offline OP and ROS were quantified using three widely used acellular
methods: 2,7-dichlorofluorosecein (DCFH; ROSpcrn), dithiothrei-
tol (DTT; OPprr), and ascorbic acid (AA; OPa,). Time-resolved
decay of ROSpcrn, OPaa, and OPpry is presented in Fig. 1A. We
demonstrate that across all offline assays, OP and ROS decay with a
half-life of a few hours to about 1.5 days, which is likely due to the
decomposition of labile components such as peroxides (23, 30, 31)
(see subsequent discussion). Only a small fraction is stable for more
than 7 days.

Only when the same particles were measured with online instru-
ments (25, 29, 30) (where particles were directly impinged and quan-
tified with AA or DCFH assays within seconds, therefore capturing
the highly reactive fraction of OPr and ROSr that offline measure-
ments used in Fig. 1A miss), the large fraction of short-lived ROS-
and OP-active components that contribute to OP and ROSt could
be quantified (Fig. 1B). Online ROSpcpy and OPy4 measurements
were a factor of 5 and 3 larger, respectively, than the fastest offline
analysis, where the delay between particle collection and analysis
was only 2 min. After 2 days, ROSpcrr and OPa, decay to 1 and 10%
of online measurements, respectively (Fig. 1B). As most studies
quantifying PM-mediated ROS formation and OP use offline filter
analyses (Fig. 1A), where particle samples are analyzed days or even
months after sample collection, it can be concluded that most litera-
ture values severely underestimate SOA contributions to OPt and
particle-bound ROS.

Beyond observing the substantial loss of short-lived components
contributing to OPt and particle-bound ROSr activity in SOA par-
ticles, we also demonstrate that offline analysis underestimates OPr
and ROSr in a broad range of particles with differing composition.
We quantified ROSpcpn, OPaa, and hydroxyl radical formation
(OPon) with online instruments and filter-based offline methods,
sampling anthropogenic and biogenic SOA, metal particles, aged
car exhaust, and wood combustion emissions, as well as ambient
PM, 5 from locations in Europe, Asia, and the US (Fig. 2 and table
S1). Using offline filter-based methods, we observed 60 to 99% loss
of ROSpcrn, OPaa, and OPoy, depending on particle type, ambient
sampling location, and assay used. Not only do we observe the
short-lived nature of OP and ROS in laboratory experiments but
also in particles characterized at urban locations around the world
(London, Padua, Beijing, and Los Angeles; Fig. 2). The exception
was Fe(IT)SOy4 particles, where comparable values were obtained for
online and offline OP 4 measurements over an experimental times-
cale of approximately hours. This is expected because Fe(II)SO4 par-
ticles are chemically stable under the experimental conditions used
here (fig. S4). The short-lived OP and ROS fractions of all other par-
ticles sampled vary widely, making it challenging to accurately esti-
mate ROSt and OPt from offline measurements.

To understand this significant, fast, and variable decay of OPr
and ROST, a molecular-level perspective of aerosol processes in the
atmosphere as well as during sample collection and analysis is neces-
sary. The concentrations of metals in aerosol particles, contributing to
OPr by generating peroxides and radicals or directly depleting anti-
oxidants (32), are likely relatively stable for several hours or days.
However, organic radicals and peroxides have substantially shorter
but highly variable lifetimes from a few minutes to hours, as shown
in Fig. 3 (21, 22, 31, 33-36). The chemical structures of these unsta-
ble compounds as well as the chemical environment are important
factors that determine their lifetimes in aerosol particles. Figure 3A
illustrates that hydroperoxides hydrolyze in aqueous environments
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Fig. 1. ROS and OP in biogenic SOA decay within hours. (A) Offline analysis (OP/OPy) showing filter-based ROSpcrn (red), OPprr (gray), and OPaa (blue) decay in bio-
genic p-pinene SOA for all three main metrics used to quantify ROS and OP. SOA particles were collected on filters for 100 s before immediate analysis. The same filters
were then analyzed periodically while being stored for up to a week. OPq is the offline OP measurement immediately after extraction and OP; at later time points. Data
between 0- and 20-min decay times are shown and discussed in fig. S2. The very short particle collection and processing times add to measurement uncertainty, and the
OPpr7 data point at 5 min is 30% higher than the data point at 2 min, which is within experimental uncertainty observed over three repeats. (B) Offline ROSpcrn and OPaa
decay curves [same data as in (A)] combined with online quantification (pink data point) normalized to online data (OPoine/OPoniine)- The thick pink error bar represents
online ROSpcry uncertainty, and the thin error bar represents online OPaa uncertainty. Analyses show that only 10% of OPt and 1% of ROSt are stable for longer than a
week. OPap data were adapted from Utinger et al. (25). Fits in (B) assume two OP components in SOA with different reaction rate constants decaying with first-order kinet-
ics and one stable OP component: a rapid decay of ~85% of ROSt and ~75% of OPy, with half-lives of 1.1 and 1.4 min, respectively, followed by a slower second component
(~14% for ROSt and ~15% for OPt), decaying with half-lives of 3.6 and 37 hours, respectively, leaving stable components (~1% for ROSt and 10% for OPt) with a half-life of

>1 week.

(e.g., during particle collection and extraction in aqueous media as
used in most offline studies) with lifetimes that range between a few
minutes to an hour depending on their structure. However, in an
organic medium (e.g., in organic aerosols), they can remain stable
over several hours or longer (Fig. 3A). Other aerosol components
also affect the lifetime of peroxides—the presence of redox-active
transition metals like iron can accelerate the decay of peroxides (37)
(e.g., peracetic acid, CH3C(O)OOH, an organic peracid) to generate
OH radicals by more than three orders of magnitude compared to
Fenton-chemistry involving H,O, (Fig. 3B). OH radicals, which are
the most reactive ROS components themselves, are highly reactive
and are likely to evade quantification in offline analysis, particularly
when particles are extracted in aqueous solution before introduction
to the reagent (31). Fresh SOA can contain very high concentrations
of peroxides, up to 30 to 80% (9), and therefore their fast but variable
decomposition could explain the large and variable fraction of short-
lived ROS and OP observed in Fig. 2. Total radical concentrations in
SOA decay with similar timescales of a few minutes, while a smaller
fraction is longer lived (Fig. 3C). The results presented in Fig. 3 il-
lustrate that two important classes of chemical species (peroxides
and radicals) that contribute to particle-bound ROS and OP have
lifetimes as short as a few minutes, especially in aqueous media.

Biological effects of OPr and ROS+ of particles

The variable but consistent underestimation of the OPt and ROSt
burden of PM using traditional filter-based methods adds uncer-
tainty to comparisons made between OP and toxicological end
points, e.g., in studies where particles are deposited on cell cultures.

Campbell et al., Sci. Adv. 11, eadp8100 (2025) 19 March 2025

To account for the fast decay of OP and ROSr, it is important that
particles are deposited directly from a continuous air flow onto cells
residing at the ALI to avoid underestimating potential toxicity effects
of short-lived ROS and OP (38, 39). In addition, the effects of gas-
eous components need to be removed to assess particle effects only
(see the Supplementary Materials), although synergistic toxicity
effects of particles and gases could also occur (10).

We show here that direct online organic particle deposition at the
ALI induces significantly different biological effects compared to of-
fline deposition, which can be attributed to the fast decay of OP in
organic particles, indicating that OPr could be a key parameter ex-
plaining particle toxicity. Figure 4 compares gene activation in ALI
cultures of reconstituted human bronchial epithelia (HBE) (40-42)
after online and offline (i.e., exposing cells to aqueous particle ex-
tracts collected on filters) particle deposition. The investigated par-
ticles [biogenic and anthropogenic SOA, Fe(II)SO4, and Hepes-buffer
particles, where the latter is considered to be nontoxic to cells (43)]
differ in their OP and ROSr stability and concentration and, there-
fore, in their expected toxicity. Figure 4A illustrates that online depo-
sition of biogenic SOA particles induces a much stronger gene
activation of the immune system [interleukin-6 (IL-6) and interleu-
kin-8 (IL-8)] and some oxidative stress markers [superoxide dis-
mutase 2 (SOD2)] compared to offline exposure, expressed as fold
changes compared to incubator controls (Fig. 4A, red rectangle). In
contrast, for offline exposure of cells to SOA, a wide range of antioxi-
dative and oxidative-stress genes is slightly more activated than fol-
lowing online deposition. These strong online/offline differences in
biological responses were also illustrated using principal component
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Fig. 2. A substantial fraction of ROS and OP activity in aerosol particles decays before offline analysis. Ratio of filter-based offline to online quantification, relative
to online measurements (red dashed line) of ROSpcey (black triangle), OPaa (blue diamond), and OPoy (green circle) for a range of particle types: transition metal particles
[Fe(I1)SO4, TM, light orange], SOA (light green), aged combustion-generated aerosol particles (CA, light gray), and ambient PM; 5 (OPaa and ROSpcrn) and PM; (OPoy) from
locations in Europe, Asia, and the US (light blue). We consistently observed 60 to 99% loss of ROS and OP using filter-based offline methods depending on particle type,
location, and assay. It should be noted that online ROSpcr and OPaa were quantified using the OPROSI (30) and the OOPAAI (25, 29), and OPoy was quantified using a spot
sampler, an approach that collects particles directly into an aqueous solution containing the terepthalate probe (TA) to quantify OH radical formation. More details on this
alternative direct-to-reagent sampling approach are presented by Taghvaee et al. (49). Time delays between filter sampling and offline analysis are presented in table S1.
Data for limonene SOA and oleic acid SOA are from Gallimore et al. (79) and Fuller et al. (23), respectively. Data from p-pinene SOA and naphthalene SOA are from
Campbell et al. (45).
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Fig. 3. Fast decay of OP- and ROS-active components in aerosol particles. Compound-specific analyses demonstrate that labile and reactive components are likely
important contributors to the short lifetime of OPt and ROSt on the order of minutes or hours. (A) Organic peroxides contributing to OPt and ROSt have widely variable
lifetimes from minutes to several hours. AAHPs have substantially shorter lifetimes in water (90% water and 10% ACN) than in organic medium (ACN, 100%) (75). (B) Mod-
elled OH radical formation (red dashed line) from the aqueous reaction of 1 uM Fe(ll) and 1 pM peracetic acid [CH3;C(O)OOH], which occurs much faster than the classic
Fenton reaction between 1 pM Fe(ll) and 1 pM H,0; (black circles). Kinetic modeling predicts rapid CH3C(O)OOH decay within minutes in an aqueous medium in the pres-
ence of Fe(ll) (blue dashed line). (C) Organic radicals (green diamonds) also decrease in concentration in a-pinene SOA particles within minutes (22).
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Fig. 4. Biological responses of reconstituted HBE after online and offline particle deposition. Responses of reconstituted HBE after online and offline particle depo-
sition. (A) Gene activation [shown as fold change compared to incubator control (inc. control)] after deposition of biogenic SOA (B-pinene), anthropogenic SOA (naphtha-
lene), iron(ll) sulfate [Fe(l1)SO4], and Hepes-buffer particles, illustrated with a heatmap and (B) PCA. (C) Protein expression of all particle types mentioned above and
(D) PCA. Controls: p-free air and inc. control. It should be noted that heatmaps in (A) and (C) focus on the 18 genes and 20 proteins that showed the highest fold change,
respectively, whereas the PCA score plots in (B) and (D) consider all measured 20 genes and 105 proteins. The Q values are as follows: for genes (B), Q2 (1) = 0.677 and Q2
(2) = 0.492; for proteins (D), Q2 (1) = 0.221 and Q2 (2) = 0.405. Only for $-pinene SOA were strong differences observed for online/offline gene activation, consistent with
the fast decay of OPt in these particles. In Fe(ll)SO4 particles, OPy is high but stable and, thus, no significant gene activation differences for online/offline exposure are
observed. Effects of Hepes particles (serving as negative controls with no OP and ROS activity) and comparison between iron-PBS and iron-Hepes are discussed in the

Supplementary Materials. Controls: p-free air and inc. control.

analysis (PCA) (Fig. 4B) and may be explained by the lower OPr ac-
tivity during offline B-pinene SOA particle deposition (compared to
online deposition), triggering only a moderate expression of antioxi-
dant genes without initiating a strong inflammatory response. In
contrast, after the deposition of substantially more OP-active parti-
cles during online exposure, the antioxidant defenses appear insuffi-
cient, unable to scavenge ROS deposited by the particles, and thus,
inflammatory genes (i.e., IL-6 and IL-8) are activated as a second
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defense line of the cell response. Previous studies have shown that air
pollutants can enhance intracellular ROS levels by suppressing anti-
oxidants (38, 39, 44). PCA of protein expression (Fig. 4D) supports
this finding for f-pinene SOA, showing differences of protein expres-
sion that are indicative of oxidative stress and inflammatory path-
ways between online and offline cell exposure. These results clearly
demonstrate that online and offline exposures of SOA cause substan-
tially different cell responses. To identify particle toxicity pathways
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because of particle exposure, realistic online cell exposure method-
ologies are required for evaluating the adverse effects of chemically
unstable particle components, especially in the organic fraction,
an often-dominant component of ambient PM. It has been demon-
strated that while oxidative stress responses lead to activation of the
antioxidant machinery, such as SOD2-, Nrf2 (nuclear factor ery-
throid 2-related factor 2)-, and ARE (antioxidant response ele-
ment)-mediated transcriptional responses, PM exposure reduced
these mechanisms, especially at higher doses (38, 39, 44). Short-
lived SOA components like peroxides and radicals (Fig. 3) could be
key drivers of this difference; however, other as-yet unidentified
labile components could also contribute to the differences observed
between online and offline exposures and merit further investigation
in future studies.

In contrast to SOA, for Fe(I[)SOy particles, OP was stable over
the experimental time frame used in this study (Fig. 2). Fe(II) is
known to generate high concentrations of ROS in aqueous media
through Fenton-like chemistry, while Fe(II)SO4 is chemically stable
during offline handling over timescales in these experiments (fig.
S§4). Thus, no significant differences in cellular responses are ob-
served for gene activation when comparing online/offline Fe(IT)SO4
particle deposition (Fig. 4), in agreement with OPr measurements
(Fig. 2). However, we found that the adverse effects of Fe(II) on cells
can be severely underestimated and suppressed in offline particle
exposures, especially as observed for cytotoxicity and protein ex-
pression (Fig. 4 and fig. S5). This is likely due to interactions (e.g.,
complexation and inactivation) of iron with buffer ions in solution,
emphasizing again that online cell exposure experiment designs,
where cells are kept under ALI conditions without buffer, are essen-
tial to decipher toxicity pathways of atmospheric particles.

Comparing only the online deposition experiment results, we
show that iron(II) particles and anthropogenic naphthalene SOA
induce enhanced inflammatory and oxidative stress pathways com-
pared to biogenic B-pinene SOA on gene activation and protein ex-
pression (Fig. 4, A and C) and cytotoxicity level (fig. S5). This is
consistent with OPt measurements, where iron(II) prompts the
highest response followed by anthropogenic and biogenic SOA
(25, 45).Higher toxicity of anthropogenic SOA was observed in ear-
lier studies and might be attributed to OP-active components of
oxidized aromatic compounds like quinones (46-48). Despite com-
parable doses of naphthalene SOA compared to other conditions
(table S2), we observe elevated lactate dehydrogenase (LDH) release
compared to other exposure conditions (fig. S5), and therefore, gene
and protein expression data should be interpreted with caution.

DISCUSSION

Previous attempts to quantify OP and ROS with online and semion-
line instruments have been hindered because of instrument design
limitations, where particles are collected in water for several min-
utes, in some cases, up to an hour before quantification (28, 49-52).
We clearly demonstrate (Figs. 1 to 3) that such time delays between
particle collection and OP or ROS quantification cause a significant
underestimation of OPt and ROSr. A total of 60 to 99% of OPt and
ROSt has a short lifetime of a few minutes to a few hours in many
particle types (i.e., SOA, car exhaust emissions, wood burning emis-
sions, and ambient PM; ;). These large online/offline differences
were observed with three acellular methods (ROSpcrn, OPaa, and
OPop), demonstrating that these results are robust and not caused
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by methodological artifacts associated with a specific assay. OPprr
activity also decays by more than 60% within 2 hours in laboratory-
based offline experiments using p-pinene SOA, as illustrated in Fig.
1A. At present, no online instrument that uses a direct-to-reagent
sampling approach is available for comparison, so while we observe
the same decay in OPppr as for OPy and ROSpcpy in the labora-
tory, future work should investigate this effect in ambient studies. In
traditional filter-based analyses, this short-lived OP and ROS frac-
tion is not quantified because of the delay, typically of a day or lon-
ger, between particle sampling and OP and ROS quantification. We
show that short-lived and reactive peroxides and radicals are likely
responsible for this fast decay of OPr and ROSr in particles. In the
atmosphere, radicals and peroxides are formed directly or indirectly
via oxidation and photochemical processes (21, 53, 54). Thus, they
are continuously generated in the gas phase and condense onto par-
ticles or are generated directly in particles during their entire atmo-
spheric lifetime, possibly maintaining steady-state concentrations of
OPr and ROSr in airborne particles (21, 54). It was recently shown
that OH radicals and H,O, (55) are spontaneously generated on the
surface of aqueous droplets, which may be another pathway for con-
tinuous ROS generation in aerosol particles (56). The large fraction
of short-lived ROS and OP, especially in ambient samples shown in
Fig. 2, suggests that in the atmosphere, continuous OP and ROS at-
mospheric formation processes may occur. Continuous formation
of short-lived ROS and their precursors via oxidation and photo-
chemistry or other atmospheric aging processes, which stop once
particles are collected on a filter, would explain the large differences
between online and offline OPr and ROSt in ambient samples, as
most PM is formed many hours to days before analysis with our
online instruments in the ambient. In addition, this constant gen-
eration of ROS and OP may explain the increased inflammation re-
sponses in reconstituted human bronchial epithelia during online
particle deposition experiments (Fig. 4).

Besides the capability to accurately quantify short-lived ROS and
OP, another advantage of online instruments is that they provide
highly time-resolved data, capturing transient emissions and atmo-
spheric processes (e.g., diurnal profiles, changes in wind direction,
and transient sources contributing to OPt and ROSt) that occur on
timescales of minutes (25, 57). Understanding the influence of these
processes on OPr concentrations is essential to quantify source con-
tributions and the atmospheric conditions that lead to increased
OPr and establish the relationships with adverse health outcomes,
which can lead to more targeted air pollution abatement policies.
Offline assays lack this time-resolved capacity as samples are typi-
cally collected for 24 hours and are not immediately analyzed for
their ROS or OP activity.

Only a few studies have attempted to compare biological effects
of online versus offline particle exposure. However, these studies
typically involved either metal nanoparticles or fresh soot particles,
where no or only very limited chemical changes of particle composi-
tion are expected if deposited online or offline on cell cultures (58-
64). The few studies that investigated the effects of organic or
ambient particles in online/offline experiments all focused on the
combined toxicity of the gas and particle phase and observed larger
effects of gas-particle mixtures (online exposure) compared to par-
ticles only (offline exposure) (61, 65, 66). However, these studies did
not attempt to identify online/offline toxicity differences of particles
only. They attributed the increased biological effects in online versus
offline experiments to gaseous components, filter sampling artifacts,
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and difficulties of dose estimation during offline experiments. These
aspects may also influence the results presented in Fig. 4, but the
large differences in OPt between online and offline exposures as a
driver of particle toxicity have not previously been considered be-
fore in particle toxicity evaluations.

It is becoming increasingly clear that particle composition plays
a significant role in particle-mediated health effects. OP measure-
ments are emerging as a key metric that provides a crucial link be-
tween particle composition and toxicity. Thus, robust quantification
of this metric, including the contribution from highly reactive com-
ponents, is essential to confidently identify links of OPt and ROSt
with PM sources and health outcomes. The fast decay and, especial-
ly, the high variability of the short-lived OP fraction in a wide range
of particles implies that online OP instruments, which use a direct-
to-reagent sampling approach, should be included in future air
monitoring networks, possibly in parallel with offline OP analyses.
This will be crucial for identifying links of OPr with particle compo-
sition, toxicity, and health effects.

MATERIALS AND METHODS

Experimental design

Reagents

The following reagents were purchased from Merck: L-ascorbic
acid (=99%), L-dehydroascorbic acid, H,O, solution (3%), Chelex
100 sodium form, 1 M HCI solution, 0.1 M NaOH solution, 1 M
phosphate-buffered saline (PBS) solution, Hepes (>99.5%), Fe(II)
SO4 (299%), o-phenylenediamine (OPDA; >99.5%), B-pinene
(98%), naphthalene (98%), horseradish peroxidase (HRP; type VI),
2,7-dichlorofluoroscein diacetate (98%), trichloroacetic acid (TCA;
>99.0%), 2-amino-2-(hydroxymethyl)-1,3-propanediol (tris base,
99.9%), EDTA (>99.0%), 5,5'-dithio-bis-(2-nitrobenzoic acid)
(DTNB, 99%), and DTT (97%).

Disodium terepthalate and 2-hydroxyterepthalic acid for OPoy
measurements were purchased from TCI (US). All aqueous solu-
tions were prepared using water obtained from a Merck Synergy
high-purity water unit (resistivity >18.2 megohms cm™). High-
purity water was further purified by flowing through a 10-cm
column packed with Chelex resin at a flow rate of 1 drop/min to
minimize background contributions from transition metals (25).
SOA generation using the organic coating unit (OCU)

A flow through reactor [organic coating unit (OCU)] (67) was used
to generate SOA. In short, the OCU maintains a steady concentra-
tion of the gas phase volatile organic compound (VOC) precursor,
which is maintained via a proportional-integral-derivative voltage
feedback. For B-pinene SOA production, 1 ml of B-pinene was placed
in a reservoir at room temperature with a steady gas flow passed over
the surface. For naphthalene SOA production, 1 g of naphthalene
was placed in the reservoir and heated to 80°C using a water bath to
volatilize the naphthalene into the gas phase. The VOCs were then
passed through a cylindrical quartz photooxidation chamber (76-ml
volume) surrounded by five low-pressure mercury lamps (4-W ul-
traviolet (UV) C with 254- and 185-nm emission lines, type
GPH212T5VH/2, Heraeus, Germany), which produce both O3 and
OH radicals via the photolysis of O, under humid conditions. Only
one UV lamp was turned on for all online photooxidation experi-
ments presented in this study, resulting in a maximum O3 concentra-
tion of 2 X 10" molecules cm ™ and an estimated OH concentration
in the chamber of ~1 x 10° molecules cm ™ in the absence of VOCs,
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with a constant gas flow of 1 liter/min through the oxidation cham-
ber. OH concentrations were estimated on the basis of the rate of
consumption of gas phase naphthalene in the photooxidation cham-
ber. We expect predominantly OH-initiated f-pinene SOA because
of the greater rate constant associated with OH reaction (7.9 x 107"
molecules cm™ s7') at the exocyclic double bond compared to O;
(1.5 x 107 molecules cm™ s7}), whereas naphthalene oxidation
proceeds only through OH-initiated oxidation (68). All experiments
were performed at a 70 + 20% relative humidity in the chamber,
which was maintained using a humidifier in the OCU. Particles gen-
erated using the OCU were then analyzed using a range of instru-
mentation as described in fig. S1.

Generation of Hepes and Fe(ll) particles

Fe(II)SO4 and Hepes particles were generated with a homebuilt
nebulizer using aqueous solutions of 4 mM Fe(II)SO4 and Hepes
buffer, respectively. The aerosol was dried by passing through a silica
gel denuder after the nebulizer. The aerosol was then either analyzed
directly with the online oxidative potential ascorbic acid instrument
(OOPAAI) or online particle-bound ROS instrument (OPROSI) for
online analysis or collected on a filter (Teflon) and analyzed oftline.
Offline analysis using either the AA or DCFH assay was performed
using the same chemical conditions as the OOPAAI and OPROSI
(see fig. S1).

Generation of car and wood burning particles

Aerosol particles were collected from the exhaust of either a EURO6
gasoline car (Skoda Scala 2021) or a residential wood stove (Aduro
9.3). The passenger car was operated in a Rototest VPA-RX3 2WD
chassis dynamometer under steady-state driving conditions and by
using a 95 E10 gasoline as fuel. Particle emissions were characterized for
a 60-min driving cycle, which included idling and 50, 100, and 80 km/
hour velocities, each 15 min. The residential stove was fired with
beech logs, and every 35 min, a new wood batch was added to the
stove for a total duration of 3.5 hours (i.e., six batches of beech logs)
(69). The exhaust aerosol was passed through a heated sampling line
where particle concentrations and temperature were reduced by a
two-step dilution system with a porous tube and ejector diluter (1:17
for the car exhaust and 1:60 for the wood stove combustion). To sim-
ulate atmospheric aging, the diluted, freshly emitted aerosol was
passed through the photochemical emission aging flow tube reactor
(70) to simulate atmospheric aging by ozone and OH radicals. For
the online OPt and ROSt measurements, the OOPAAI and OPROSI
were connected after the photochemical emission aging flow tube
reactor and, for the wood stove experiments, an additional porous
tube diluter was connected and set to a dilution ratio of 1:3. For the
offline analysis, the same aerosol was collected on a quartz filter
(PALLFLEX, Tissuquartz 2500-QAT-UP) and analyzed 24 hours
after storage at 4°C with the same chemical assay as used in the
OOPAAI and OPROSI, respectively.

Online particle-bound ROS instrument (OPROSI; ROSpcrp)

The functionality, design, and operating procedure for the OPROSI
have been extensively described by Wragg et al. (30) and Fuller et al.
(23). Briefly, the aerosol is continuously drawn into the instrument
via an aerosol conditioning unit, which consists first of a stainless-
steel cyclone (2.5-pm cutoff at 5 liter/min, URG-2000-30E-5-2.5-S,
URG) and charcoal denuder, before entering a homebuilt particle
sampler. Particles are collected onto a filter sprayed with an aqueous
solution of HRP in 10% PBS buffer at 1 ml min~", which immedi-
ately extracts and reacts with ROS present in the particles and is col-
lected in a 1-ml liquid reservoir. The HRP/particle extract solution is
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then immediately mixed with DCFH, which is subsequently oxi-
dized to form a fluorescent product dichlorofluorescein by HRP in a
reaction bath maintained at 37°C for 10 min. Dichlorofluorescein is
then quantified via fluorescence spectroscopy. The fluorescence re-
sponse of the instrument is calibrated with known concentrations of
hydrogen peroxide (H;0,), and thus, ROS concentrations are ex-
pressed in H,0, equivalent concentrations per unit air volume
(m™) or per unit particle mass (pg_l). The assay has demonstrated
sensitivity in particular to hydrogen peroxide and organic peroxides
(23, 30). The direct-to-reagent sampling and high time resolution of
this instrument therefore are particularly sensitive to short-lived
ROS components, which react within seconds after sampling (23, 30).
Online oxidative potential ascorbic acid instrument

(OOPAAI, OPy4)

The OOPAAL is described in detail by Utinger et al. (25), and a brief
description is given here. The OOPAAI measures OP 4 by quantifying
the formation of dehydroascorbic acid (DHA), an oxidation product of
AA. DHA is reacted with OPDA, forming a fluorescent product 3-(1,
2-dihydroxyethyl)-fluoro-[3,4-b]quinoxaline-1-one (DFQ), which is
quantified using fluorescence spectroscopy.

Aerosol particles are continuously collected for online OPya
analysis using a commercially available particle-into-liquid sampler
(Brechtel, US), where the wash flow was modified to contain the AA
reagent, ensuring direct-to-reagent particle sampling, rapid extrac-
tion of aerosol particle components, and reaction with AA (200 pM
AA buffered to pH 6.8 with 20 mM Hepes). The sample is washed off
the impactor with a flow rate of 60 pl min™", and the resulting AA/
particle extract solution is reacted for 20 min at 37°C. The solution is
then mixed with OPDA in 0.1 M HCI at a flow of 90 pl min~" and
pumped into another reaction coil at room temperature for 2 min,
where the DHA + OPDA reaction occurs, forming the fluorescent
product DFQ. The concentration of DFQ is then monitored using a
homebuilt flow through fluorescence cell, which consisted of a mod-
ified flow-through quartz cuvette (Hellma Analytics). DFQ is excited
by a high-power UV light-emitting diode (LED; Roithner Lasertech-
nik, type UVLED-365-330-SMD) at 365 nm via an optical fiber
(Thorlabs; 1500 pm; numerical aperture, 0.39). The fluorescence
emission light is then collected through a collimating lens (Ocean
Insight) via an optical fiber (Thorlabs; 1500 pm; numerical aperture,
0.50) and detected using a spectrometer (Ocean Insight, QePro). The
OOPAALI is calibrated using known concentrations of DHA, and
hence, the OP is expressed in terms of nanomole DHA per unit vol-
ume (m™>) or unit mass (pg_l).

Time-resolved measurements of ROS and OP decay of SOA

on filters

To determine the decay kinetics of ROS and OP, offline experiments
were conducted with biogenic SOA (B-pinene). Particles were col-
lected on quartz filters for 100 s with a high p-pinene SOA mass
concentration (80 mg m™>) with atmospherically representative com-
position (67) produced by the OCU (see above) (67). After the OCU,
an additional flow tube with an ozone flow was added to oxidize the
VOC that was not oxidized in the OCU. The high aerosol mass con-
centrations were necessary to minimize the collection time (i.e., 100 s)
and therefore capture short-lived OP-active aerosol components for
offline ROS and OP analyses. The filters (47-mm quartz, Whatman)
were then extracted after storing for different time intervals at room
temperature [immediately after sampling (2 min), then at 4 and 22 min,
and 2, 24, 48 and 168 hours; see Fig. 1A] and immediately analyzed
after extraction with an offline AA, DCFH, and DTT assay. AA and
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DCFH chemical procedures (e.g., concentrations, pH, etc.) were
identical to those used in the respective online instrument (i.e.,
OOPAAI or OPROSI) (see above), and the DTT protocol follows
that of Cho et al. (71), as described in more detail below.

For the offline AA measurements, the filters were extracted di-
rectly in 3 ml of 200 pM AA buffered with 20 mM Hepes and then
vortexed for 3 min. The slurry was then filtered with a syringe filter
(polytetrafluoroethylene; pore size, 0.45 pm; Agilent), and 900 pl of
the extract was reacted for 10 min for the decay experiments (Fig. 1)
and 20 min for all other offline experiments (Fig. 2) in a 37°C heat-
ing bath. Subsequently, 100 pl of OPDA dissolved in 0.1 M HCI was
added and reacted for an additional 3 min at room temperature be-
fore immediate analysis with fluorescence spectroscopy. The excita-
tion wavelength was 365 nm using an LED, and the fluorescence
emission measured was 430 nm.

For the offline DCFH measurements, the filter was extracted in
3 ml of water and vortexed for 3 min before passing the aqueous sam-
ple through a syringe filter. The sample (0.833 ml), 1 ml of 10 pM
HRP in 10% PBS, and 1 ml of 10 uM DCFH in 10% PBS were mixed
and incubated at 37°C for 20 min before analysis. The excitation
wavelength was 470 nm using an LED, and the emission was mea-
sured at 520 nm.

The DTT protocol follows that of Cho et al. (71). TCA was pre-
pared as a 10% solution (20 g of TCA in 200 ml of water). EDTA and
tris(hydroxymethyl)amino-methane were mixed in the following
ratio: 20.2 g of tris(hydroxymethyl)amino-methane and 2.45 g of
EDTA in 23.7 2 ml of aqueous HCI (1 M; 226.28 ml of chelexed ultra-
pure water). The phosphate buffer (0.2 M) at pH 7.4 was prepared
with 77.8 ml of NaH,PO, (1 M) and 22.2 ml of K;HPO, (1 M). DTNB
(Ellman’s reagent) was prepared using 59.46 mg of DTNB in 7.5 ml of
0.2 M PBS and 7.5 ml of Milli-Q water, which has undergone Chelex
treatment. DTT is prepared using 30.8 mg of DTT in 20 ml of 0.2 M PBS
for a 10 mM DTT stock solution. For the working solution, 1.125 ml of
the stock solution was diluted with 48.875 ml of PBS. Filter extraction
is performed in the same way as described for AA above. Then, 2.5 ml
of the extract is mixed with 2 ml of the working solution of DTT. The
vial reacts for 30 s in the dry heater (38°C), and 0.6 ml is transferred
to 0.6 ml of TCA. This vial must already be prepared before proceed-
ing to minimize transfer time. This step is repeated after 2, 5, 12, 22,
and 32 min to get the slope of the decay. For absorbance measure-
ments, a quartz cuvette is filled with 800 pl of the final DTT solution
and absorption is measured at 412 nm with an integration time of
70 ms. The variability for triplicates was less than 5%.

The fluorescence signal of the AA and DCFH assays were mea-

sured with a spectrometer (QePro, Ocean Insight). For the offline
DTT measurements, a deuterium lamp (DH-mini, Ocean Insight)
was coupled via an optical fiber (600-pm diameter, Ocean Insight)
to a cuvette holder (4 Way CUV Cuvette Holder, Ocean Insight) and
from there directly to a spectrometer (QePro, Ocean Insight). The
fibers were connected with a collimating lens (SMA, Ocean Insight)
to the cuvette holder.
Ambient online and offline quantification of ROSpcry and OPya
Online ROSpcry and OPaa concentrations in ambient aerosol
particles in London, Padua, and Beijing were determined using the
OPROSI and OOPAAI described by Wragg et al. (30) and Utinger
et al. (25), respectively.

In all three cities, samples were collected at a city center location.
The sampling site in London was at the Marylebone Road urban
traffic monitoring station (50°31'21"N, 0°09'17"W) from 6 August
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to 28 August 2019, in Padua at the top floor of the Department
of Chemical Sciences of the University of Padua (45.4067°N,
11.8772°E) from 8 January to 29 January 2020, and in Beijing at the
Institute of Atmospheric Physics (39°58'28"N, 116°22'15"E) for 7 days
between 26 May and 2 June 2017.

For ROSpcry and OPy 4 offline analysis at these three locations,
high volume sampler PM, 5 samples were collected on quartz micro-
fiber filters for 24 hours and stored at <—22°C until analysis. Filter
punches were extracted in 5 ml of water and filtered using 0.45- and
0.2-pm pore size filters. More details are given by Steimer et al. (72),
Campbell et al. (16), and Tong et al. (73).

Online (direct-to-reagent) and offline quantification of OH
radicals (OPoy) in ambient PM

Hydroxyl radical production (OPop) from PM; 5 was quantified us-
ing a direct-to-reagent sampling approach and filter-based (offline)
sampling approach. OPoy was determined using the terephthalate
(TA) probe (74). TA reacts selectively with OH to produce the high-
ly fluorescent product 2-hydroxyterepthalate (hTA), which is then
detected at [, = 420 nm (lex = 320). A 325-nm peak emission LED
(M325F4, Thorlabs) was coupled to a cuvette cell (CVH100) using
quartz cuvettes to ensure efficient UV transmission and a QEpro
(Ocean Insight) spectrometer to facilitate fluorescence detection.
Direct-to-reagent samples collected at the UCLA (University of
California, Los Angeles) campus are obtained using a spot sampler
method, as described in detail by Taghvaee et al. (49), and were
compared to PM, s filters collected in parallel for typically ~7 hours
at a rooftop sampling site at UCLA Mathematical Sciences Building
(34°04'10.1"N, 118°26'35.3"W, 32 m above the ground level, be-
tween 21 February and 5 March 2023), located near western Los
Angeles edge, ~8 km from the Pacific Coast. Filtered samples were
frozen at —20°C for 2 weeks and then analyzed using the same
chemical procedure as the direct-to-reagent approach to determine
the decay of OPoy on filters.

Quantification of OH production from Fe(ll)-H,0;

OH radicals generated from the reaction of hydrogen peroxide
(H,03)and Fe(II) were quantified using the TA probe (74). Reac-
tions were performed by mixing H,O, prepared in Milli-Q water
adjusted to pH 4 using 0.1 M H,SO4 with Fe(II)SOy, also at pH 4.
Reactions were performed at equimolar concentrations of 1 pM
H,0; and 1 pM Fe(II)SO4. Excess aqueous TA (10 mM) reacts with
OH to produce the highly fluorescent product hTA, which was then
detected at loy/ler, = 320/420 nm. Measurements of hTA were done
using a fluorometer (Lumina, Thermo Fisher Scientific).

Synthesis and hydrolysis properties of atmospherically
relevant organic peroxides

It is well known that the ozonolysis of alkenes produces stabilized
Criegee intermediates (SCIs), which can further react with water,
alcohols, aldehydes, and carboxylic acids to form organic peroxides
(21). Among those different SCI-involved bimolecular reaction
channels, a-acyloxyalkyl hydroperoxides (AAHPs), formed through
SCI reactions with carboxylic acids, are considered a major class
of organic peroxides in the atmosphere (75).

Because of the limited availability of organic peroxide standards,
we synthesized AAHP standards through liquid phase ozonolysis
(76). A 10-ml acetonitrile (ACN) solution containing 1 mM o-
pinene and carboxylic acid mixtures (including terebic acid, cis-
pinic acid, and cis-pinonic acid, each 20 pM) was prepared in an
impinger. Then, O3 (~500 parts per million with a flow rate of 100 ml
min~") was bubbled through this solution for 15 min, which leads to
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the formation of SCIs via the reaction of O3 and a-pinene. SCIs are
immediately scavenged by added carboxylic acids to form corre-
sponding AAHPs. A control experiment was performed for the
same a-pinene bulk solution in the absence of carboxylic acids, al-
lowing the unambiguous identification of AAHPs in the extracted
ion chromatogram through LC-high-resolution mass spectrometry
(LC-HRMS) analysis. The three selected carboxylic acids are known
oxidation products of a-pinene. Thus, the synthesized AAHPs, here
designated as apSClI-terebic (Ci7H607), apSCI-pinic (Ci9H3007),
and apSCI-pinonic (CyH3,06), are likely present in atmospheric
monoterpene-derived SOA.

The synthesized AAHP solutions were separated and analyzed by
LC-HRMS, which consists of an ultraperformance LC unit (ACQUITY
UPLC I-Class, Waters) coupled with a high-resolution mass spec-
trometer (Orbitrap Q Exactive Plus, Thermo Fisher Scientific). Ana-
lytes were separated using a Waters HSS T3 UPLC column (100 mm by
2.1 mm, 1.8 pm) at a temperature of 40°C. The mobile phases include
the following: (A) 0.1% formic acid in water and (B) methanol. The
gradient elution was performed by the A/B mixture at a total flow
rate of 0.3 ml min~" for 30 min: 0 to 1 min at 99.9% A, 1 to 26 min
with a linear gradient to 99.9% B, 26 to 28 min held at 99.9% B, and
28 to 30 min back to the initial condition at 99.9% A for column
re-equilibration. The synthesized AAHPs were detected as sodium
adducts [M + Na]* in positive mode. To compare the stability of
AAHPs in water versus the nonpolar organic solvent ACN, water
was added to the AAHP solutions (v/v = 1/9 ACN/water) in an am-
ber vial, followed by the same LC-HRMS analysis. The autosampler
temperature during all LC analyses was set at 20°C.

Kinetic modeling of OH formation and CH3C(O)OOH reaction
with Fe(ll)

The kinetic model describing aqueous Fe(II) and CH3;C(O)OOH
chemistry is presented by Campbell et al. (37) and Shen et al. (32). It
includes 85 individual reactions describing the reactions between
Fe(II) and peracetic acid (dark chemistry), as well as inorganic aque-
ous Fe(II)/Fe(III)/Fe(IV) chemistry. It also includes aqueous ROS
(ROS-OH, HO;,, H,0,, and O, ™) reactions, TA chemistry for measur-
ing OH, and photolysis reactions of Fe(OH),*, H,0,, and peracetic
acid. The kinetic model is solved using Kinetics Pre-Processor (KPP)
version 2.2.3 (77), using the Rosenbrock solver and gfortran compiler.
Quantification of particle-bound organic radicals in SOA
Quantification of organic radicals in a-pinene-derived SOA is de-
scribed in detail by Campbell et al. (22). In short, a-pinene SOA was
produced by reacting known concentrations of a-pinene with O3 in
flow tubes with four different reaction times. The SOA mixture was
then bubbled through an impinger containing 40 ml of 50 pM
spin trap 9-(1,1,3,3-tetramethylisoindolin-2-yloxyl-5-ethyn-yl)-
10-(phenylethynyl)anthracene (BPEAnit) in dimethyl sulfoxide, which
scavenges radicals to produce a stable fluorophore. The concentra-
tions of radicals are then determined using fluorescence spectroscopy.
Cell cultures and cell exposures

Primary human bronchial epithelial cells were isolated from one
human organ donor for all experiments described here. The lungs
deemed not suitable for transplantation were approved for research
use from the University of Kansas Institutional Review Board. Their
use does not represent a human subject research as defined by Code
of Federal Regulations (46.102).

Human bronchial epithelial cells were maintained in submerged
two-dimensional culture in Bronchial Epithelial Cell Growth Me-
dium (BEGM-LHC base media with supplements, Gibco, Thermo
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Fisher Scientific, Reinach, Switzerland). Cells were thereafter seeded
onto porous 0.33-cm” Transwell inserts (Corning International,
Vitaris, Baar, Switzerland) in a chemically defined medium that in-
duces terminal differentiation. Once confluent, the apical medium
was removed, establishing ALI, and the epithelium allowed to dif-
ferentiate over a period of 4 weeks. ALI cultures of reconstituted
HBE were generated as previously described (41, 42). Epithelial
integrity, i.e., coordinated ciliary beating, mucus production, and
maintenance of the ALI, was checked daily by light microscopy.

For online particle exposures, fully differentiated HBE were
transferred to the NACIVT (Nano Aerosol Chamber for In Vitro
toxicology) online particle deposition instrument under physiologi-
cal conditions, i.e., 37°C, 5% CO,, and >85% relative humidity for
60 min. Details of the online particle exposure chamber are given by
Jeannet et al. (40). Particle doses for online cell exposure ranged
from 21 to 224 ng cm ™ (table S6) within the tracheobronchial dose
range presented by Kiinzi ef al. (41) (10 to 350 ng cm™?), which was
calculated on the basis of an exposure range of 20 to 1000 pg m™>
PM mass concentration.

For the offline experiments, the same aerosol was collected on a
filter and extracted in 1.5 ml of PBS or Hepes buffer, and 20 pl of the
extracted aerosol was added to the fully differentiated HBE ALI cell
cultures for 60 min.

Control ALI cell cultures were either exposed to particle-free air
(p-free air) or were left untreated in the incubator [incubator control
(inc. control)]. For p-free air exposure, we mounted a HEPA (high-
efficiency particulate air) filter upstream of the NACIV'T.

After exposure, cell cultures were incubated under the same con-
ditions for 60 min before collecting apical wash samples and subse-
quently incubated for additional 23 hours followed by final sampling.
At least three independent HBE cultures were used for each exposure.

Cytotoxicity analysis

Induction of cell death was measured by the release of cytosolic LDH
from damaged cells into the apical compartment. Apical washes
were collected 4 and 24 hours postexposure and stored at 4°C until
analysis using the colorimetric cytotoxicity detection kit”™S (Roche
Diagnostics AG, Rotkreuz, Switzerland) according to the manufac-
turer’s instructions. Maximum releasable LDH was estimated in the
supernatants of cells lysed with 100 pl of 1% Triton X solution for
10 min at 37°C. Cytotoxicity is presented as the percentage of maxi-
mal releasable LDH activity (absorbance).

Quantitative real-time polymerase chain reaction

We screened 20 genes to evaluate alterations in signaling pathways related
to oxidative stress using GeneGlobe arrays. Gene expression in HBE
was examined by total RNA isolation followed by real-time quantitative
polymerase chain reaction (PCR). Briefly, cells were lysed with RLT Buf-
fer (RNeasy Mini Kit, Qiagen, Hombrechtikon, Switzerland) ac-
cording to the manufacturer’s protocol. RLT buffer was added with
B-mercaptoethanol, and samples were stored at —80°C until further
processing. Isolated RNA (500 ng) was reverse transcribed into cDNA
using QuantiTect Reverse Transcription Kit (Qiagen) following the
manufacturer’s recommendations. Real-time PCR was performed in a
reaction volume of 25 pl using the QuantiTect SYBR Green PCR kit
(Qiagen) and the QuantiTect Primer Assays (Qiagen), amplifying a
total of 25 ng of cDNA of each sample. Real-time PCR was performed
using the Applied Biosystems 7900HT-Fast Real-Time PCR System
with a 15-min initial activation step at 95°C and 40 cycles with 15-s

Campbell et al., Sci. Adv. 11, eadp8100 (2025) 19 March 2025

denaturation at 94°C, 30-s annealing at 55°C, and 30-s extension at
72°C. Subsequently, a melting curve was performed to exclude
primer-dimer artifacts and to ensure reaction specificity. Data were
normalized to hypoxanthine-guanine phosphoribosyl transferase us-
ing the AAC; method (78). Biological replicates (n = 3) were analyzed
three times using Applied Biosystems SDS version 2.4.

Proteome profile

The inflammatory response was evaluated by measuring the release of
102 cytokines and chemokines from cells using the Proteome Profiler
Human XL Cytokine Array (ARY022, R&D Systems, Minneapolis,
MN). The kit contained all the reagents for the assay and was per-
formed as per the manufacturer’s instructions. This cytokine and che-
mokine antibody array was used to determine the effects of a-pinene
SOA and naphthalene SOA particle exposure on cytokine and che-
mokine release by HBE. The assay required 1500 pl of pooled cell
culture basal media (500 pl of basal media for each cell culture,
n = 3). Membranes were subjected to an ultrasensitive chromogenic
3,3',5,5'-tetramethylbenzidine membrane substrate (Thermo Fisher
Scientific, Waltham, MA) to reveal sample-antibody complexes
labeled with streptavidin-HRP. Photographs of the blots were taken
after exposure to the substrate.

Statistical analysis of biological results
Statistical analyses were performed using the commercial software
GraphPad Prism 7.04 (GraphPad Software Inc., San Diego, US). For
cytotoxicity, the arithmetic mean values of each experiment were com-
pared to the mean value of the untreated control by a one-way analysis
of variance (ANOVA) followed by Dunnett’s ¢ test to compare the treat-
ed group to the control or the Bonferroni test for multiple comparisons.

Statistical analysis for gene expression and proteome was deter-
mined with the commercial software GraphPad Prism 7.04 for Win-
dows (GraphPad Software Inc., La Jolla, CA). Nonmatching one-way
ANOVA with Turkey’s multiple comparison tests was used for the
statistical comparison to untreated control. Differences that show a
fold change of at least 1.5 and satisfy P < 0.05 after the adjustment
for multiple testing were considered significant.

PCA was done using SIMCA 17 (Sartorius, Germany). For genes,
a total of 20 (60 samples of triplicate exposures analyzed) non-
normalized gene expression values were considered, while for pro-
teins, 102 non-normalized values were used. Model performance
was evaluated using R* values as a measure of proportion of variance
explained by the model and by the Q* value, which estimates the
predictive power of the model through sevenfold cross-validation
using randomly selected test/train subsets taken from the whole da-
taset. Hotelling’s T” statistics, represented by the gray ellipse in Fig. 4
(B and D), was used to identify potential outliers in the dataset using
the multivariate probability distribution.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs.S1to S7

Tables S1to S4

REFERENCES AND NOTES
1. Global Burden of Disease Collaborative Network, Global burden of 87 risk factors in 204
countries and territories, 1990-2019: A systematic analysis for the Global Burden of
Disease Study 2019. Lancet 396, 1223-1249 (2020).

100f 13

GZ0Z ‘2T RNl U0 YBY101]qiq [eAUSZ - UBUoU |\ WINIUSZ Z1joyw pH Te B10°80us 105 MmM//:Sdny WoJ) papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

2.

Campbell et al., Sci. Adv. 11, eadp8100 (2025)

J.E. Hart, X. Liao, B. Hong, R. C. Puett, J. D. Yanosky, H. Suh, M. A. Kioumourtzoglou,

D. Spiegelman, F. Laden, The association of long-term exposure to PM2.5 on all-cause
mortality in the Nurses’Health Study and the impact of measurement-error correction.
Environ. Health 14, 38 (2015).

. F.Laden, J. Schwartz, F. E. Speizer, D. W. Dockery, Reduction in fine particulate air

pollution and mortality: Extended follow-up of the Harvard Six Cities Study. Am. J. Respir.
Crit. Care Med. 173, 667-672 (2006).

. J. Lepeule, F. Laden, D. Dockery, J. Schwartz, Chronic exposure to fine particles and

mortality: An extended follow-up of the Harvard six cities study from 1974 to 2009.
Environ. Health Perspect. 120, 965-970 (2012).

. A.J. Cohen, M. Brauer, R. Burnett, H. R. Anderson, J. Frostad, K. Estep, K. Balakrishnan,

B. Brunekreef, L. Dandona, R. Dandona, V. Feigin, G. Freedman, B. Hubbell, A. Jobling,

H. Kan, L. Knibbs, Y. Liu, R. Martin, L. Morawska, C. A. Pope, H. Shin, K. Straif, G. Shaddick,
M.Thomas, R. van Dingenen, A. van Donkelaar, T. Vos, C. J. L. Murray, M. H. Forouzanfar,
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 389,
1907-1918 (2017).

. J.L.Jimenez, M. R. Canagaratna, N. M. Donahue, A. S. H. Prevot, Q. Zhang, J. H. Kroll,

P.F. DeCarlo, J. D. Allan, H. Coe, N. L. Ng, A. C. Aiken, K. S. Docherty, I. M. Ulbrich,

A. P. Grieshop, A. L. Robinson, J. Duplissy, J. D. Smith, K. R. Wilson, V. A. Lanz, C. Hueglin,
Y.L. Sun, J.Tian, A. Laaksonen, T. Raatikainen, J. Rautiainen, P. Vaattovaara, M. Ehn,

M. Kulmala, J. M. Tomlinson, D. R. Collins, M. J. Cubison, E. J. Dunlea, J. A. Huffman,

T. B. Onasch, M. R. Alfarra, P. I. Williams, K. Bower, Y. Kondo, J. Schneider, F. Drewnick,
S.Borrmann, S. Weimer, K. Demerjian, D. Salcedo, L. Cottrell, R. Griffin, A. Takami,

T. Miyoshi, S. Hatakeyama, A. Shimono, J. Y. Sun, Y. M. Zhang, K. Dzepina, J. R. Kimmel,
D. Sueper, J.T. Jayne, S. C. Herndon, A. M. Trimborn, L. R. Williams, E. C. Wood,

A. M. Middlebrook, C. E. Kolb, U. Baltensperger, D. R. Worsnop, Evolution of organic
aerosols in the atmosphere. Science 326, 1525-1529 (2009).

. G.Chen, F.Canonaco, A. Tobler, W. Aas, A. Alastuey, J. Allan, S. Atabakhsh, M. Aurela,

U. Baltensperger, A. Bougiatioti, J. F. De Brito, D. Ceburnis, B. Chazeau, H. Chebaicheb,
K. R. Daellenbach, M. Ehn, I. E. Haddad, K. Eleftheriadis, O. Favez, H. Flentje, A. Font,

K. Fossum, E. Freney, M. Gini, D. C. Green, L. Heikkinen, H. Herrmann, A.-C. Kalogridis,

H. Keernik, R. Lhotka, C. Lin, C. Lunder, M. Maasikmets, M. |. Manousakas, N. Marchand,
C. Marin, L. Marmureanu, N. Mihalopoulos, G. Mo¢nik, J. Necki, C. O'Dowd, J. Ovadnevaite,
T. Peter, J.-E. Petit, M. Pikridas, S. M. Platt, P. Pokorng, L. Poulain, M. Priestman, V. Riffault,
M. Rinaldi, K. Rézanski, J. Schwarz, J. Sciare, L. Simon, A. Skiba, J. G. Slowik, Y. Sosedova,
I. Stavroulas, K. Styszko, E. Teinemaa, H. Timonen, A. Tremper, J. Vasilescu, M. Via,
P.Vodicka, A. Wiedensohler, O. Zografou, M. C. Minguillén, A. S. H. Prévét, European
aerosol phenomenology — 8: Harmonised source apportionment of organic aerosol
using 22 Year-long ACSM/AMS datasets. Environ. Int. 166, 107325 (2022).

. M. Hallquist, J. C. Wenger, U. Baltensperger, Y. Rudich, D. Simpson, M. Claeys, J. Dommen,

N. M. Donahue, C. George, A. H. Goldstein, J. F. Hamilton, H. Herrmann, T. Hoffmann,
Y.linuma, M. Jang, M. E. Jenkin, J. L. Jimenez, A. Kiendler-Scharr, W. Maenhaut,

G. McFiggans, T. F. Mentel, A. Monod, A. S. H. Prévét, J. H. Seinfeld, J. D. Surratt,

R. Szmigielski, J. Wildt, The formation, properties and impact of secondary organic
aerosol: Current and emerging issues. Atmos. Chem. Phys. 9,5155-5236 (2009).

. K.S.Docherty, W.Wu, Y. Bin Lim, P. J. Ziemann, Contributions of organic peroxides to

secondary aerosol formed from reactions of monoterpenes with Os. Environ. Sci. Technol.
39, 4049-4059 (2005).

. F.J.Kelly, Oxidative stress: Its role in air pollution and adverse health effects. Occup.

Environ. Med. 60, 612-616 (2003).

. P.J.A.Borm, F. Kelly, N. Kunzli, R. P. F. Schins, K. Donaldson, Oxidant generation by

particulate matter: From biologically effective dose to a promising, novel metric. Occup.
Environ. Med. 64, 73-74 (2006).

. M. Strak, N. A. H. Janssen, K. J. Godri, |. Gosens, I. S. Mudway, F. R. Cassee, E. Lebret,

F.J. Kelly, R. M. Harrison, B. Brunekreef, M. Steenhof, G. Hoek, Respiratory health effects of
airborne particulate matter: The role of particle size, composition, and oxidative
potential-the RAPTES project. Environ. Health Perspect. 120, 1183-1189 (2012).

. J.@vrevik, M. Refsnes, M. Lag, J. A. Holme, P. E. Schwarze, Activation of proinflammatory

responses in cells of the airway mucosa by particulate matter: Oxidant- and non-oxidant-
mediated triggering mechanisms. Biomolecules 5, 1399-1440 (2015).

. F.J.Kelly, J. C. Fussell, Role of oxidative stress in cardiovascular disease outcomes

following exposure to ambient air pollution. Free Radic. Biol. Med. 110, 345-367
(2017).

. K.R. Daellenbach, G. Uzu, J. Jiang, L.-E. Cassagnes, Z. Leni, A. Vlachou, G. Stefenelli,

F. Canonaco, S. Weber, A. Segers, J. J. P. Kuenen, M. Schaap, O. Favez, A. Albinet,

S. Aksoyoglu, J. Dommen, U. Baltensperger, M. Geiser, I. E. Haddad, J.-L. Jaffrezo,

A.S. H. Prévot, Sources of particulate-matter air pollution and its oxidative potential in
Europe. Nature 587, 414-419 (2020).

. S.J. Campbell, K. Wolfer, B. Utinger, J. Westwood, Z. H. Zhang, N. Bukowiecki, S. S. Steimer,

T.V.Vu, J. Xu, N. Straw, S. Thomson, A. Elzein, Y. Sun, D. Liu, L. Li, P. Fu, A. C. Lewis,
R. M. Harrison, W. J. Bloss, M. Loh, M. R. Miller, Z. Shi, M. Kalberer, Atmospheric conditions

19 March 2025

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

and composition that influence PM2.5 oxidative potential in Beijing, China. Atmos. Chem.
Phys. 21, 5549-5573 (2021).

. J.G. Charrier, C. Anastasio, On dithiothreitol (DTT) as a measure of oxidative potential for

ambient particles: Evidence for the importance of soluble transition metals. Atmos. Chem.
Phys. 12,9321-9333 (2012).

. J.T.Bates, T. Fang, V. Verma, L. Zeng, R. J. Weber, P. E. Tolbert, J. Y. Abrams, S. E. Sarnat,

M. Klein, J. A. Mulholland, A. G. Russell, Review of acellular assays of ambient particulate
matter oxidative potential: Methods and relationships with composition, sources, and
health effects. Environ. Sci. Technol. 53, 4003-4019 (2019).

. J.T.Bates, R. J. Weber, J. Abrams, V. Verma, T. Fang, M. Klein, M. J. Strickland, S. E. Sarnat,

H. H. Chang, J. A. Mulholland, P. E. Tolbert, A. G. Russell, Reactive oxygen species
generation linked to sources of atmospheric particulate matter and cardiorespiratory
effects. Environ. Sci. Technol. 49, 13605-13612 (2015).

A.Yang, N. A. H. Janssen, B. Brunekreef, F. R. Cassee, G. Hoek, U. Gehring, Children’s
respiratory health and oxidative potential of PM2.5: The PIAMA birth cohort study. Occup.
Environ. Med. 73, 154-160 (2016).

S.Wang, Y. Zhao, A.W. H. Chan, M. Yao, Z. Chen, J. P. D. Abbatt, Organic peroxides in
aerosol: Key reactive intermediates for multiphase processes in the atmosphere. Chem.
Rev. 123, 1635-1679 (2023).

S. J. Campbell, S. Stevanovic, B. Miljevic, S. E. Bottle, Z. Ristovski, M. Kalberer,
Quantification of particle-bound organic radicals in secondary organic aerosol. Environ.
Sci. Technol. 53, 6729-6737 (2019).

S. J. Fuller, F. P. H. Wragg, J. Nutter, M. Kalberer, Comparison of on-line and off-line
methods to quantify reactive oxygen species (ROS) in atmospheric aerosols. Atmos.
Environ. 92, 97-103 (2014).

Z.-H. Zhang, E. Hartner, B. Utinger, B. Gfeller, A. Paul, M. Sklorz, H. Czech, B. X. Yang,
X.Y.Su, G. Jakobi, J. Orasche, J. Schnelle-Kreis, S. Jeong, T. Gréger, M. Pardo, T. Hohaus,

T. Adam, A. Kiendler-Scharr, Y. Rudich, R. Zimmermann, M. Kalberer, Are reactive oxygen
species (ROS) a suitable metric to predict toxicity of carbonaceous aerosol particles?
Atmos. Chem. Phys. 22, 1793-1809 (2022).

B. Utinger, S. J. Campbell, N. Bukowiecki, A. Barth, R. Freshwater, H. Ruegg, M. Kalberer, An
automated online field instrument to quantify the oxidative potential of aerosol particles
via ascorbic acid oxidation. Atmos. Meas. Tech. 16, 2641-2654 (2023).

S.S. Steimer, A. Delvaux, S. J. Campbell, P. J. Gallimore, P. Grice, D. J. Howe, D. Pitton,

M. Claeys, T. Hoffmann, M. Kalberer, Synthesis and characterisation of peroxypinic acids
as proxies for highly oxygenated molecules (HOMs) in secondary organic aerosol. Atmos.
Chem. Phys. 18, 10973-10983 (2018).

P.Venkatachari, P. K. Hopke, Development and laboratory testing of an automated
monitor for the measurement of atmospheric particle-bound reactive oxygen species
(ROS). Aerosol Sci. Tech. 42, 629-635 (2008).

L. E. King, R. J. Weber, Development and testing of an online method to measure ambient
fine particulate reactive oxygen species (ROS) based on the 2’,7’-dichlorofluorescin
(DCFH) assay. Atmos. Meas. Tech. 6, 1647-1658 (2013).

S. J. Campbell, B. Utinger, D. M. Lienhard, S. E. Paulson, J. Shen, P.T. Griffiths, A. C. Stell,

M. Kalberer, Development of a physiologically relevant online chemical assay to quantify
aerosol oxidative potential. Anal. Chem. 91, 13088-13095 (2019).

F.P.H.Wragg, S. J. Fuller, R. Freshwater, D. C. Green, F. J. Kelly, M. Kalberer, An automated
online instrument to quantify aerosol-bound reactive oxygen species (ROS) for ambient
measurement and health-relevant aerosol studies. Atmos. Meas. Tech. 9, 4891-4900
(2016).

S. E. Paulson, P. J. Gallimore, X. M. Kuang, J. R. Chen, M. Kalberer, D. H. Gonzalez, A
light-driven burst of hydroxyl radicals dominates oxidation chemistry in newly activated
cloud droplets. Sci. Adv. 5, eaav7689 (2019).

J. Shen, P.T. Griffiths, S. J. Campbell, B. Utinger, M. Kalberer, S. E. Paulson, Ascorbate
oxidation by iron, copper and reactive oxygen species: Review, model development, and
derivation of key rate constants. Sci. Rep. 11,7417 (2021).

M.Yao, Z. Li, C. Li, H. Xiao, S. Wang, A. W. H. Chan, Y. Zhao, Isomer-resolved reactivity of
organic peroxides in monoterpene-derived secondary organic aerosol. Environ. Sci.
Technol. 56, 4882-4893 (2022).

S. A. Epstein, S. L. Blair, S. A. Nizkorodoyv, Direct photolysis of a-pinene ozonolysis
secondary organic aerosol: Effect on particle mass and peroxide content. Environ. Sci.
Technol. 48,11251-11258 (2014).

T.Fang, P.S. J. Lakey, J. C. Rivera-Rios, F. N. Keutsch, M. Shiraiwa, Aqueous-phase
decomposition of isoprene hydroxy hydroperoxide and hydroxyl radical formation by
Fenton-like reactions with iron ions. J. Phys. Chem. A 124, 5230-5236 (2020).

A. M. Arangio, H.Tong, J. Socorro, U. Péschl, M. Shiraiwa, Quantification of
environmentally persistent free radicals and reactive oxygen species in atmospheric
aerosol particles. Atmos. Chem. Phys. 16, 13105-13119 (2016).

S.J. Campbell, C. La, Q. Zhou, J. Le, J. Galvez-reyes, C. Banach, K. N. Houk, J. R. Chen,

S. E. Paulson, Characterizing hydroxyl radical formation from the light-driven Fe(ll)-
peracetic acid reaction, a key process for aerosol-cloud chemistry. Environ. Sci. Technol.
58, 7505-7515 (2024).

110f13

GZ0Z ‘2T RNl U0 YBY101]qiq [eAUSZ - UBUoU |\ WINIUSZ Z1joyw pH Te B10°80us 105 MmM//:Sdny WoJ) papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

Campbell et al., Sci. Adv. 11, eadp8100 (2025)

M. Pardo, X. Qiu, R. Zimmermann, Y. Rudich, Particulate matter toxicity is nrf2 and
mitochondria dependent: The roles of metals and polycyclic aromatic hydrocarbons.
Chem. Res. Toxicol. 33, 1110-1120 (2020).

M. Aghapour, N. D. Ubags, D. Bruder, P. S. Hiemstra, V. Sidhaye, F. Rezaee, . H. Heijink, Role
of air pollutants in airway epithelial barrier dysfunction in asthma and COPD. Eur. Respir.
Rev. 31,210112 (2022).

N. Jeannet, M. Fierz, M. Kalberer, H. Burtscher, M. Geiser, Nano Aerosol Chamber for
In-Vitro Toxicity (NACIVT) studies. Nanotoxicology 9, 34-42 (2015).

L. Kiinzi, M. Krapf, N. Daher, J. Dommen, N. Jeannet, S. Schneider, S. Platt, J. G. Slowik,

N. Baumlin, M. Salathe, A. S. H. Prévot, M. Kalberer, C. Stréhl, L. Dimbgen, C. Sioutas,

U. Baltensperger, M. Geiser, Toxicity of aged gasoline exhaust particles to normal and
diseased airway epithelia. Sci. Rep. 5, 11801 (2015).

M. L. Fulcher, S. Gabriel, K. A. Burns, J. R. Yankaskas, S. H. Randell, “Well-differentiated
human airway epithelial cell cultures,”in Human Cell Culture Protocols, J. Picot, Ed.
(Humana Press, 2004).

S. C. Baicu, M. J. Taylor, Acid-base buffering in organ preservation solutions as a function
of temperature: New parameters for comparing buffer capacity and efficiency.
Cryobiology 45, 33-48 (2002).

Z. Leni, L. E. Cassagnes, K. R. Daellenbach, I. El Haddad, A.Vlachou, G. Uzu, A. S. H. Prévot,
J. L. Jaffrezo, N. Baumlin, M. Salathe, U. Baltensperger, J. Dommen, M. Geiser, Oxidative
stress-induced inflammation in susceptible airways by anthropogenic aerosol. PLOS ONE
15, 0233425 (2020).

S.J. Campbell, B. Utinger, A. Barth, S. E. Paulson, M. Kalberer, Iron and copper alter the
oxidative potential of secondary organic aerosol: Insights from online measurements and
model development. Environ. Sci. Technol. 57, 13546-13558 (2023).

S. Offer, E. Hartner, S. D. Bucchianico, C. Bisig, S. Bauer, J. Pantzke, E. J. Zimmermann,

X. Cao, S. Binder, E. Kuhn, A. Huber, S. Jeong, U. Kafer, P. Martens, A. Mesceriakovas,
J.Bendl, R. Brejcha, A. Buchholz, D. Gat, T. Hohaus, N. Rastak, G. Jakobi, M. Kalberer,

T. Kanashova, Y. Hu, C. Ogris, A. Marsico, F. Theis, M. Pardo, T. Gréger, S. Oeder, J. Orasche,
A. Paul, T. Ziehm, Z.-H. Zhang, T. Adam, O. Sippula, M. Sklorz, J. Schnelle-Kreis, H. Czech,
A. Kiendler-Scharr, Y. Rudich, R. Zimmermann, Effect of atmospheric aging on soot
particle toxicity in lung cell models at the air-liquid interface: Differential toxicological
impacts of biogenic and anthropogenic secondary organic aerosols (SOAs). Environ.
Health Perspect. 130, 27003 (2022).

Z.Leni, M. N. Ess, A. Keller, J. D. Allan, H. Hellén, K. Saarnio, K. R. Williams, A. S. Brown,

M. Salathe, N. Baumlin, K. Vasilatou, M. Geiser, Role of secondary organic matter on soot
particle toxicity in reconstituted human bronchial epithelia exposed at the air-liquid
interface. Environ. Sci. Technol. 56, 17007-17017 (2022).

P.H. Chowdhury, Q. He, R. Carmieli, C. Li, Y. Rudich, M. Pardo, Connecting the oxidative
potential of secondary organic aerosols with reactive oxygen species in exposed lung
cells. Environ. Sci. Technol. 53, 13949-13958 (2019).

S.Taghvaee, J. Shen, C. Banach, C. La, S. J. Campbell, S. E. Paulson, Robust quantification
of the burst of OH radicals generated by ambient particles in nascent cloud droplets
using a direct-to-reagent approach. Sci. Total Environ. 900, 165736 (2023).

J. Zhou, E. A. Bruns, P. Zotter, G. Stefenelli, A. S. H. Prévét, U. Baltensperger, I. EI-Haddad,
J. Dommen, Development, characterization and first deployment of an improved online
reactive oxygen species analyzer. Atmos. Meas. Tech. 11, 65-80 (2018).

J.V. Puthussery, C. Zhang, V. Verma, Development and field testing of an online
instrument for measuring the real-time oxidative potential of ambient particulate matter
based on dithiothreitol assay. Atmos. Meas. Tech. 11, 5767-5780 (2018).

R. A. Brown, S. Stevanovic, S. Bottle, H. Wang, Z. Hu, C. Wu, B. Wang, Z. Ristovski,
Relationship between atmospheric PM-bound reactive oxygen species, their half-lives,
and regulated pollutants: Investigation and preliminary model. Environ. Sci. Technol. 54,
4995-5002 (2020).

S.J. Campbell, K. Wolfer, P. J. Gallimore, C. Giorio, D. Haussinger, M. A. Boillat, M. Kalberer,
Characterization and quantification of particle-bound Criegee intermediates in
secondary organic aerosol. Environ. Sci. Technol. 56, 12945-12954 (2022).

P. A. Alpert, J. Dou, P. C. Arroyo, F. Schneider, J. Xto, B. Luo, T. Peter, T. Huthwelker,
C.N.Borca, K. D. Henzler, T. Schaefer, H. Herrmann, J. Raabe, B. Watts, U. K. Krieger,

M. Ammann, Photolytic radical persistence due to anoxia in viscous aerosol particles. Nat.
Commun. 12,1769 (2021).

J. K. Lee, K. L. Walker, H. S. Han, J. Kang, F. B. Prinz, R. M. Waymouth, H. G. Nam, R. N. Zare,
Spontaneous generation of hydrogen peroxide from aqueous microdroplets. Proc. Natl.
Acad. Sci. U.S.A. 116, 19294-19298 (2019).

K. Li, Y. Guo, S. A. Nizkorodov, Y. Rudich, M. Angelaki, X. Wang, T. An, S. Perrier, C. George,
Spontaneous dark formation of OH radicals at the interface of aqueous atmospheric
droplets. Proc. Natl. Acad. Sci. U.S.A. 120, 2220228120 (2023).

S.J. Campbell, A. Barth, G. I. Chen, A. H. Tremper, M. Priestman, D. Ek, S. Gu, F. J. Kelly, M.
Kalberer, D. C. Green, D. C. Green, High time resolution quantification of PM2.5 oxidative
potential at a Central London roadside supersite. Environ. Int. 193, 109102 (2024). https://
doi.org/10.1016/j.envint.2024.109102.

19 March 2025

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

K. Lovén, J. Dobric, D. A. Bolikbas, M. Karedal, S. Tas, J. Rissler, D. E. Wagner, C. Isaxon,
Toxicological effects of zinc oxide nanoparticle exposure: An in vitro comparison
between dry aerosol air-liquid interface and submerged exposure systems.
Nanotoxicology 15, 494-510 (2021).

K. Kaur, R. Mohammadpour, A. Sturrock, H. Ghandehari, C. Reilly, R. Paine, K. E. Kelly,
Comparison of biological responses between submerged, pseudo-air-liquid interface,
and air-liquid interface exposure of A549 and differentiated THP-1 co-cultures to
combustion-derived particles. J. Environ. Sci. Health A Tox. Hazard. Subst. Environ. Eng. 57,
540-551 (2022).

A. G. Lenz, E. Karg, B. Lentner, V. Dittrich, C. Brandenberger, B. Rothen-Rutishauser,

H. Schulz, G. A. Ferron, O. Schmid, A dose-controlled system for air-liquid interface cell
exposure and application to zinc oxide nanoparticles. Part. Fibre Toxicol. 6, 32 (2009).
J.Volckens, L. Dailey, G. Walters, R. B. Devlin, Direct particle-to-cell deposition of coarse
ambient particulate matter increases the production of inflammatory mediators from
cultured human airway epithelial cells. Environ. Sci. Technol. 43, 4595-4599 (2009).

A. J. Ghio, L. A. Dailey, J. M. Soukup, J. Stonehuerner, J. H. Richards, R. B. Devlin, Growth of
human bronchial epithelial cells at an air-liquid interface alters the response to particle
exposure. Part. Fibre Toxicol. 10, 25 (2013).

A. L. Holder, D. Lucas, R. Goth-goldstein, C. P. Koshland, Cellular response to diesel
exhaust particles strongly depends on the exposure method. Toxicol. Sci. 103, 108-115
(2008).

L. C. Stoehr, P. Madl, M. S. P. Boyles, R. Zauner, M. Wimmer, H. Wiegand, A. Andosch,

G. Kasper, M. Pesch, U. Liitz-Meind|, M. Himly, A. Duschl, Enhanced deposition by
electrostatic field-assistance aggravating diesel exhaust aerosol toxicity for human lung
cells. Environ. Sci. Technol. 49, 8721-8730 (2015).

K. M. Lichtveld, S. M. Eversviller, K. G. Sexton, W. Vizuete, |. Jaspers, H. E. Jeffries, In vitro
exposures in diesel exhaust atmospheres: Resuspension of PM from filters versus direct
deposition of PM from air. Environ. Sci. Technol. 46, 9062-9070 (2012).

M. Arashiro, Y. H. Lin, K. G. Sexton, Z. Zhang, |. Jaspers, R. C. Fry, W. G. Vizuete, A. Gold,
J.D. Surratt, In vitro exposure to isoprene-derived secondary organic aerosol by direct
deposition and its effects on COX-2 and IL-8 gene expression. Atmos. Chem. Phys. 16,
14079-14090 (2016).

A. Keller, D. M. Kalbermatter, K. Wolfer, P. Specht, P. Steigmeier, J. Resch, M. Kalberer,

T. Hammer, K. Vasilatou, The organic coating unit, an all-in-one system for reproducible
generation of secondary organic matter aerosol. Aerosol Sci. Tech. 56, 947-958 (2022).
J. H. Seinfeld, S. N. Pandis, Atmospheric Chemistry and Physics: From Air Pollution to Climate
Change (Wiley, ed. 2, 2006).

A. Mukherjee, A. Hartikainen, J. Joutsensaari, S. Basnet, A. Mesceriakovas, M. lhalainen,
P.YIi-Piril3, J. Leskinen, M. Somero, J. Louhisalmi, Z. Fang, M. Kalberer, Y. Rudich, J. Tissari,
H. Czech, R. Zimmermann, O. Sippula, Black carbon and particle lung-deposited surface
area in residential wood combustion emissions: Effects of an electrostatic precipitator
and photochemical aging. Sci. Total Environ. 952, 175840 (2024).

M. Ihalainen, P.Tiitta, H. Czech, P. Yli-Pirild, A. Hartikainen, M. Kortelainen, J. Tissari,

B. Stengel, M. Sklorz, H. Suhonen, H. Lamberg, A. Leskinen, A. Kiendler-Scharr,

H. Harndorf, R. Zimmermann, J. Jokiniemi, O. Sippula, A novel high-volume
Photochemical Emission Aging flow tube Reactor (PEAR). Aerosol Sci. Tech. 53, 276-294
(2019).

A. K. Cho, C. Sioutas, A. H. Miguel, Y. Kumagai, D. A. Schmitz, M. Singh,

A. Eiguren-Fernandez, J. R. Froines, Redox activity of airborne particulate matter at
different sites in the Los Angeles Basin. Environ. Res. 99, 40-47 (2005).

S. Steimer, D. Patton, T. Vu, M. Panagi, P. Monks, R. Harrison, Z. Fleming, Z. Shi,

M. Kalberer, Seasonal differences in the composition of organic aerosols in Beijing:

A study by direct infusion ultrahigh resolution mass spectrometry. Atmos. Chem. Phys.
Discuss. 1-26 (2020).

H.Tong, I. Kourtchev, P. Pant, I. J. Keyte, I. P. O’Connor, J. C. Wenger, F. D. Pope,

R. M. Harrison, M. Kalberer, Molecular composition of organic aerosols at urban
background and road tunnel sites using ultra-high resolution mass spectrometry.
Faraday Discuss. 189, 51-68 (2016).

D. H. Gonzalez, X. M. Kuang, J. A. Scott, G. O. Rocha, S. E. Paulson, Terephthalate probe for
hydroxyl radicals: Yield of 2-hydroxyterephthalic acid and transition metal interference.
Anal. Lett. 51, 2488-2497 (2018).

R. Chhantyal-Pun, B. Rotavera, M. R. McGillen, M. A. H. Khan, A. J. Eskola, R. L. Caravan,

L. Blacker, D. P.Tew, D. L. Osborn, C. J. Percival, C. A. Taatjes, D. E. Shallcross, A. J. Orr-Ewing,
Criegee intermediate reactions with carboxylic acids: A potential source of secondary
organic aerosol in the atmosphere. ACS Earth Space Chem. 2, 833-842 (2018).

K. Li, J. Resch, M. Kalberer, Synthesis and characterization of organic peroxides from
monoterpene-derived Criegee intermediates in secondary organic aerosol. Environ. Sci.
Technol. 58, 3322-3331 (2024).

V. Damian, A. Sandu, M. Damian, F. Potra, G. R. Carmichael, The kinetic preprocessor
KPP-A software environment for solving chemical kinetics. Comput. Chem. Eng. 26,
1567-1579 (2002).

120f 13

GZ0Z ‘2T RNl U0 YBY101]qiq [eAUSZ - UBUoU |\ WINIUSZ Z1joyw pH Te B10°80us 105 MmM//:Sdny WoJ) papeojumod


https://doi.org/10.1016/j.envint.2024.109102
https://doi.org/10.1016/j.envint.2024.109102

SCIENCE ADVANCES | RESEARCH ARTICLE

78. K.J.Livak, T. D. Schmittgen, Analysis of relative gene expression data using real-time
quantitative PCR and the 2-AACT method. Methods 25, 402-408 (2001).

79. P.J.Gallimore, B. M. Mahon, F. P. H. Wragg, S. J. Fuller, C. Giorio, I. Kourtchev, M. Kalberer,
Multiphase composition changes and reactive oxygen species formation during
limonene oxidation in the new Cambridge Atmospheric Simulation Chamber (CASC).
Atmos. Chem. Phys. 17, 9853-9868 (2017).

Acknowledgments: We thank the following funding sources for funding this work as listed
below. Funding: This work was supported by the following: SNF grant 200021_192192 (to
M.Ka.); EPSRC UKRI Postdoc guarantee funding grant EP/X030237/1 (to S.J.C.); European
Research Council (ERC grant 279405) (to M.Ka.); Natural Environment Research Council (NERC)
(NE/K008218/1 and NE/N007190/1) (to M.Ka.); Eurochamp-2020 (to M.Ka.); PhotOchemlStry,
oxidative pOteNtial and tOxicity of Urban aeroSol (POISONOUS) (to C.G.); sampling campaign,
funded by Supporting TAlent in ReSearch@University of Padova (STARS-StG MOCAA) (to C.G.);
Horizon Europe Framework Program (EASVOLEE, no. 101095457) (to Y.R.); AXA Research Fund
through a 2017-LIFE-PostDoc fellowship (to S.S.S. and M.Ka.); Horizon 2020 project ULTRHAS
and the Helmholtz International Laboratory aeroHEALTH Nr. InterLabs-0005 (to H.C. and R.Z.);
and Natural Environment Research Council (NERC) NE/N007190/1 (to R.M.H.). Author
contributions: Conceptualization: S.J.C,, MKa., FJK, B.U, CB., M.P, ZL,, D.G.,, MKo,, O.S., M.G,,
Z.Z.,and S.d.B. Investigation: S.J.C., JW.,, B.G,, H.C, PY-P, B.U, C.G, CB. KL, JR,SS.S., RMH,

Campbell et al., Sci. Adv. 11, eadp8100 (2025) 19 March 2025

AB.,ZL,JL,ZF,D.CG,MKo, MN.D,OS, FPHW., Z.Z, and S.d.B. Validation: S.J.C., JW., Y.R,,
CG, CB,KL.,AB,ZL,D.CG, MKa,ZZ,and S.d.B. Formal analysis: S.J.C., JW., H.C,, B.U,, JR,
S.SS., AB, ZL,Z.Z,and D.C.G. Methodology: S.J.C, KW, N.Ba,, B.U, KL, RM.H, AB., MSa., ZF,
S.E.P, MKa., O.S., FPH.W., and S.d.B. Resources: N.Ba., C.G., A.B.,, M.Sa., Z.Z., and S.E.P.
Visualization: S.J.C., N.Ba,, B.U., C.B, KL, J.R, AB., Z.L, and M.Ka. Supervision: S.J.C,, FJK, YR,
S.E.P, D.C.G,, M.Ka., and S.d.B. Project administration: S.J.C,, Y.R, CG, Z.L, S.EP, MKa., OS., and
S.d.B. Writing—original draft: S.J.C, B.U., K.L, J.R, ZL, M.G., and M.Ka. Writing—review and
editing: S.J.C, FJK, ZS, N.Ba, CG, CB, KL, S.S.S., RMH, MSa,, MP, Z.L., SEEP,and O.S.
Funding acquisition: S.J.C,, Z.S., Y.R, C.G, RMH, S.EP, D.C.G., MKa., O.S. and S.d.B. Data
curation: S.J.C, Y.R, C.G,, A.B,, and D.C.G. Software: F.P.H.W. Competing interests: The authors
declare they have no competing interests. Data and materials availability: All data needed to
evaluate the conclusions in the paper are present in the paper and/or the Supplementary
Materials. The dataset shown in figures and tables in this manuscript is publicly available at
https://doi.org/10.6084/m9.figshare.24942696.v1.

Submitted 3 May 2024
Accepted 13 February 2025
Published 19 March 2025
10.1126/sciadv.adp8100

130f 13

GZ0Z ‘2T RNl U0 YBY101]qiq [eAUSZ - UBUoU |\ WINIUSZ Z1joyw pH Te B10°80us 105 MmM//:Sdny WoJ) papeojumod


https://doi.org/10.6084/m9.figshare.24942696.v1

	Short-lived reactive components substantially contribute to particulate matter oxidative potential
	INTRODUCTION
	RESULTS
	OP and ROS in particles are short lived
	Biological effects of OPT and ROST of particles

	DISCUSSION
	MATERIALS AND METHODS
	Experimental design
	Reagents
	SOA generation using the organic coating unit (OCU)
	Generation of Hepes and Fe(II) particles
	Generation of car and wood burning particles
	Online particle-bound ROS instrument (OPROSI; ROSDCFH)
	Online oxidative potential ascorbic acid instrument (OOPAAI, OPAA)
	Time-resolved measurements of ROS and OP decay of SOA on filters
	Ambient online and offline quantification of ROSDCFH and OPAA
	Online (direct-to-reagent) and offline quantification of OH radicals (OPOH) in ambient PM
	Quantification of OH production from Fe(II)-H2O2
	Synthesis and hydrolysis properties of atmospherically relevant organic peroxides
	Kinetic modeling of OH formation and CH3C(O)OOH reaction with Fe(II)
	Quantification of particle-bound organic radicals in SOA
	Cell cultures and cell exposures

	Cytotoxicity analysis
	Quantitative real-time polymerase chain reaction
	Proteome profile
	Statistical analysis of biological results

	Supplementary Materials
	This PDF file includes:

	REFERENCES AND NOTES
	Acknowledgments


