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Abstract

Redox chemistry influences many processes including atmospheric aging as well as adverse health effects
of ambient particulate matter (PM). By atmospheric processing and emissions, PM composition undergoes
constant change, where condensed-phase and gas-phase molecules interact in multiphase processes
including redox- and radical reactions. Upon deposition of PM in the human airways, redox-active
constituents may induce oxidative stress in the lung. The term oxidative stress describes a condition in
which the formation of reactive species (RS) outcompetes the regulation capacity of natural antioxidants,
potentially resulting in oxidation of biomolecules, inflammation, and even cell death or tissue damage.
Herein RS include radicals like ‘OH and O, as well as non-radical species like H>O, and NO;". Due to the
complexity of online measurements in airborne particles and the short lifetimes of many radicals, there is a
lack of understanding about the atmospheric relevance and reaction rates of many of these redox reactions
involving PM. Therefore, in this PhD project electron paramagnetic resonance (EPR) spectroscopy was
used to explore some of these processes in PM. This technique is particularly suitable to study radical
reactions as it enables the retrieval of qualitative as well as quantitative information about radicals. The
concrete research studies in this thesis focused on the following aspects:

(1) Characterization of the impact synthetic cerium oxide nanoparticles (CeNPs) have on OH radical
concentrations in a surrogate lung fluid (SLF). Therein, the potential of these particles to produce
‘OH — a particularly harmful RS - in suspensions was tested against their antioxidant activity using
spin-trapping and EPR spectroscopy. According to the investigations, CeNPs exhibit
predominantly antioxidant properties in SLF, which mimics physiologically relevant conditions.
Furthermore, the particle size has a pronounced impact on this activity, with smaller particles
showing a stronger effect. This size-dependent antioxidant activity is attributed to the higher
concentration of active surface CeO; species, which influence ‘OH concentrations in solution by
heterogeneous redox reactions.

(2) Elucidation of the role of highly oxygenated molecules (HOMs) play in the RS formation of PM

upon suspension in aqueous solution. The concentration of HOMs in ambient PM and laboratory-
generated secondary organic aerosol (SOA) were quantified using mass spectrometry and radical
formation in aqueous solution was studied by EPR spin-trapping. For ambient PM a positive
correlation of HOMs abundance with the radical formation in pure water was observed. Among
laboratory-generated particles biogenic precursors formed SOA with a higher radical yield than
SOA from anthropogenic precursors. The results indicate that HOMs could play a significant role
in the production of RS by PM.

(3) Identification of key chemical molecules that determine the production of reactive species by
ambient particulate matter from different environments. While there is some understanding that
aerosols from clean and polluted environments differ in their potential to generate RS in solution,
convincing links to specific PM constituents are missing. Radical and H,O; yields from dissolution
of PM confirm differences in the RS production potential by filter samples from a remote forest
and two urban sites. Further results indicate that the specific proportions of different RS
concentrations measured for the three sites can be reasonably mimicked using only transition metals,
organic hydroperoxide, H>O», humic-, and fulvic acids as PM surrogate mixtures. This suggests
that these very abundant constituents could be of central importance for the RS yields of PM.

(4) Investigation of the occurrence of environmentally persistent free radicals (EPFR) in remote and
urban environments and their distribution within PM of different size between 10 nm and 10 pm.
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EPFR are molecular structures that were identified as constituents of ambient PM and also of other
environmental samples like soil and microplastic. The understanding of this class of pollutants is
still limited due to a shortage of data about their concentration and spatial distribution. The results
demonstrate, that EPFR occur not only in populated areas but also in remote regions with limited
anthropogenic influence. Among the filter samples from different environments the abundance of
EPFR is highly correlated with PM mass concentration. Moreover, in urban air samples, the size-
resolved EPFR distribution reveals a pronounced maximum in the sub-micrometer size range, while
remote regions have a more variable EPFR size distribution. Based on these insights, the deposition
of EPFR in human airways was modeled, whereby the results show that most of the radicals
potentially deposit deep in the lung, because they are concentrated in particulate matter smaller
than 1 pm.

Determination how prevalent EPFR are indoor air, house dust, and on indoor surfaces, as well as
how EPFR interact with gas-phase oxidants. In a coordinated study in Mainz, indoor and outdoor
samples were collected simultaneously. Concentrations of EPFR in indoor air were found to be
linked with concentrations in outdoor air. The results further demonstrate that the number of EPFR
in surface films and house dust exceeds the total amount of EPFR in PM substantially for typical
indoor settings. Exposure experiments of those samples indicate that there may be interactions
between EPFR and typical gas-phase oxidants (e.g. O3 and NO»). Therewith EPFR could be
involved in redox reactions and represent a reactivity reservoir in PM as well as other condensed
phases indoors.



Zusammenfassung

Redoxchemie ist essentiell fiir viele Prozesse rund um Feinstaub, dazu z#hlt die chemische Verdnderung
von Partikeln in der Atmosphire sowie auch die schddlichen Gesundheitsauswirkungen von Feinstaub. Die
Zusammensetzung von Feinstaub #ndert sich permanent durch den Einfluss von Emissionen und
atmosphérischem Prozessieren. Fiir die zu Grunde liegenden Multiphasenprozesse spielen Redox- und
insbesondere Radikalreaktionen zwischen Molekiilen in der Gas- und Partikelphase eine zentrale Rolle.
Beim Einatmen von Feinstaub setzten sich viele Partikel in der Lunge ab und redoxaktive Bestandteile
koénnen oxidativen Stress verursachen. Die Bezeichnung oxidativer Stress beschreibt einen Zustand, in dem
die Menge an reaktiven Spezies (RS) die regulative Kapazitit von Antioxidantien iiberschreitet, was zur
Beschiddigung von Biomolekiilen und Zellen sowie zu Entziindungsreaktion fiithren kann. Zu RS zihlen in
diesem Kontext Radikale wie ‘OH und O,™ genauso wie nicht radikalische Spezies wie H,O> und NO-". Da
es duBerst komplex ist direkte Messungen in Feinstaub durchzufithren und auch wegen des kurzen
Lebenszyklus‘ von Radikalen, gibt es einen Mangel an Ratenkonstanten und Verstindnis iiber die
atmosphirische Relevanz von vielen Redoxreaktionen unter Beteiligung von Feinstaub. Aus diesem Grund
wurden im Rahmen dieser Doktorarbeit mittels Elektronen Spin Resonanz (EPR) Spektroskopie
Redoxprozesse im Zusammenhang mit Feinstaub untersucht. Diese Technik ist besonders geeignet zur
Beobachtung von Radikalreaktionen, da sie quantitative und qualitative Einblicke durch die direkte
Messung von Radikalen ermoglicht. Die spezifischen Forschungsprojekte, welche im Rahmen dieser Arbeit
behandelt wurden, lauten wie folgt:

(1) Charakterisierung des Einflusses den synthetische Cerdioxid Nanopartikeln auf die Konzentration
von OH Radikalen in einem Lungenfluid Surrogat (SLF) haben. Dabei konnte gezeigt werden, dass
CeO, Nanopartikel eine betont antioxidative Wirkung in SLF haben, wobei dieses Medium
physiologische Bedingungen simulieren soll. AuBerdem zeigten die Ergebnisse eine starke
Abhingigkeit der Aktivitit von der PartikelgroBe, wobei kleinere Nanopartikel einen deutlich
stiarkeren Effekt hatten. Diese Grofenabhiingigkeit steht im Zusammenhang mit der Zunahme des
Anteils aktiver CeO; Spezies an der Oberfldche bei kleineren Partikeln. Diese konnen mit reaktiven
Spezies in Losung iiber heterogene Redoxreaktionen interagieren.

(2) Untersuchung des Einflusses den stark oxidierte organische Molekiilen (HOMs) auf die Bildung
von RS in wissriger Losung haben. Zu diesem Zweck wurden Feinstaub aus Umgebungsluft sowie
synthetisch generierte sekundire, organische Aerosole (SOA) gesammelt. Anschliefend wurden
diese Proben auf ihren Gehalt an HOMs mittels Massenspektrometrie und auf ihr Potential zur
Bildung von Radikalen mittels EPR Spin-trapping untersucht. Dabei wurde eine positive
Korrelation zwischen der Haufigkeit von HOMs und der Bildung von Radikalen in wissriger
Losung aufgedeckt. Im Vergleich von verschiedenen SOA wurde beobachtet, dass Feinstaub aus
typischen biologischen Ausgangsmolekiilen mehr Radikale produzierte als solcher aus
anthropogenen Ausgangsmolekiilen. Die Ergebnisse deuten darauf hin, dass HOMs einen
substantiellen Beitrag zur Produktion von RS aus Feinstaub leisten.

(3) Identifizierung von Molekiilen mit zentraler Bedeutung fiir die Produktion von RS durch Feinstaub
aus verschiedenen Umgebungen. Denn obwohl angenommen wird, dass sich Feinstaub aus
sauberen und verschmutzten Regionen in seinen Eigenschaften unterscheidet, fehlt immer noch das
Verstiandnis, welche konkreten Feinstaubbestandteile hauptsidchlich fiir die Produktion on RS
verantwortlich sind. Es konnte anhand von Radikal- und H,O, Bildung in wissriger Losung
bestitigt werden, dass es Unterschiede im Potential zur RS Bildung zwischen Filterproben aus
einem abgelegenen Wald und zwei urbanen Orten gibt. Des Weiteren konnte demonstriert werden,
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dass das ortspezifische Verhiltnis der Produktion verschiedener RS experimentell simuliert werden
kann. Zu diesem Zweck war es ausreichend unterschiedliche Mischungen von Ubergangsmetallen,
organischen Hydroperoxiden, H,O,, Huminsduren und Fulvinsduren als herzustellen. Diese
Resultate suggerieren, dass diese hiufig vorkommenden Bestandteile von Feinstaub eine zentrale
Bedeutung fiir die RS Produktion durch Feinstaub haben kdnnten.

Erfassung der Hidufigkeit von Environmentally persistent free radicals (EPFR) in abgelegenen und
urbanen Umgebungen, sowie deren Verteilung in Feinstaub verschiedener Grofle zwischen 10 nm
und 10 um. EPFR sind molekulare Strukturen die als Bestandteil von Feinstaub und auch in
Bodenproben sowie Mikroplastik gefunden wurden. Das Wissen iiber diese Substanzgruppe ist auf
Grund von fehlenden Daten iiber deren Konzentration und Verteilung begrenzt. Die Ergebnisse
zeigen, dass EPFR nicht nur in bevolkerten Regionen auftreten, sondern auch in sehr abgelegenen,
von Menschen kaum beriihrten Umgebungen. Die Hiufigkeit von EPFR korreliert, beim Vergleich
unterschiedlicher Umgebungen, sehr eng mit der Menge an Feinstaub in der Luft. In urbanen
Réumen zeigt die GroBenverteilung, dass die meisten EPFR in Feinstaub mit weniger als 1 um
Durchmesser auftreten. Im Gegensatz dazu ist die GroBenverteilung an abgelegenen Orten
variabler. Auf Basis dieser Resultate wurde ermittelt, wie viele EPFR sich beim Einatmen in den
Atemwegen absetzen. Die Ergebnisse deuten darauf hin, dass der GroBteil der EPFR bis in die
Lunge vordringt, weil sie in Partikeln kleiner als 1 um sind.

Bestimmung von EPFR Konzentrationen in Raumluft, Hausstaub und auf Oberflichen. Aulerdem
wurde die Interaktion von EPFR mit Oxidantien aus der Gasphase untersucht. In einer
systematischen Studie wurden in Mainz parallel Proben drinnen und drauBlen genommen. Dabei
zeigt sich, dass die Konzentration von EPFR in Raumluft hiufig eng mit der Konzentration drauflen
zusammenhingt. Auferdem konnte demonstriert werden, dass die Mengen an EPFR in Hausstaub
und Oberflidchen die absolute Menge an EPFR in Feinstaub in einem typischen Raum deutlich
iibersteigt. Die Exposition der gesammelten Proben mit kontrollierten Mengen an Oz und NO, gibt
Hinweise darauf, dass EPFR mit diesen gasformigen Oxidantien interagieren. Damit konnte es sein,
dass EPFR ein Reaktivitétsreservoir sind und an Redoxreaktionen in Rdumen beteiligt sind.
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1. Introduction

1.1 Health Effects of Air Particulate Matter

Ambient aerosol particles are a large public health problem of global concern (Organization, 2016; West et
al., 2016; Cohen et al., 2017; Lelieveld et al., 2020). The occurrence of this particulate matter (PM) is linked
to numerous diseases of the respiratory tract, the cardiovascular system, and beyond (Schraufnagel et al.,
2019; Lelieveld et al., 2019). These adverse health effects have been connected to oxidative stress in the
lung, induced upon airway deposition of PM (Huang et al., 2012; Lakey et al., 2016). Therein oxidative
stress describes a condition in which an excessive amount of oxidants is generated, that outcompetes the
protective capacity of biological antioxidants. Ultimately, this may lead to inflammation processes and
oxidative damage to biomolecules (Sies, 2017). Accordingly, the ability of PM to generate such reactive
oxidants determines its potential health impacts. This is sometimes described as the oxidative potential of
PM. More concretely, studies mostly focus on particulate matter smaller than 2.5 um (PM>5s), which can
penetrate deep into the airways (World-Health-Organization, 2006). To describe the oxidative potential of
PM: s, it is crucial to understand its composition and the contribution of different constituents. Accordingly,
many studies have investigated single constituents as well as ambient PM> s for their oxidative potential
(Nawrot et al., 2009). In these reports, transition metal ions like iron, copper, and manganese as well as
redox-active organic compounds like quinones and organic peroxides are frequently reported to correlate
closely with the oxidative potential of PM» 5 (Valavanidis et al., 2005; Lyu et al., 2018; Calas et al., 2018).
A recent kinetic modeling study has demonstrated that only a few of these PM constituents could account
for the majority of oxidative potential (Lakey et al., 2016). Nevertheless, due to the complex and highly
variable composition of ambient aerosols, a detailed chemical understanding of the interactions between
PM constituents with airway interfaces is missing.

Particulate matter is generated by a variety of emission sources: suspension of dust, sea salt, biological
particles, or soot from combustion processes, but also by condensation of gaseous compounds like volatile
organic compounds, NO», SO,, and many more (Seinfeld and Pandis, 2016). Some studies have focused on
differentiating adverse health effects of PM based on varying emission sources (Kiinzli et al., 2000; Rohr
and Wyzga, 2012; Lelieveld et al., 2015). From these investigations, some combustion processes like traffic
or residential fuel burning are standing out as PM sources with potentially increased health relevance, but
data on this subject remain controversial. More direct connections are established to certain properties of
PM, as measured by aerosol instrumentation. Among them, especially black carbon (BC) seems to be
critical for adverse health effects (Highwood and Kinnersley, 2006; Janssen et al., 2011; Magalhaes et al.,
2018). BC is identified based on its light-absorbing optical properties, it consists mostly of carbonaceous
material often connected to combustion processes (Andreae and Gelencsér, 2006). Due to the potential to
robustly detect and monitor this species as well as its toxicity, BC is now also a frequently used air quality
indicator.

Another critical factor for PM toxicity is its size distribution. Ambient air often contains suspended
particulate matter in the size range from less than 10 nm (e.g. molecular clusters) to more than 10 um (e.g.
pollen grains). As mentioned above, PM;s is monitored based on the understanding that these small
particles are more health relevant than larger ones, but the size distribution among particles smaller 2.5 um
has strong implications for its deposition behavior (Carvalho et al., 2011). Accordingly, many studies have
looked into this subject and revealed the importance of ultrafine particles smaller than ~200 nm for systemic



oxidative stress and diseases (Araujo et al., 2008; Valavanidis et al., 2008; Stone et al., 2017). Therefore, it
is vital to characterize not only the abundance but also the distribution of particle constituents and properties
across the whole size range of ambient PM. Especially, as the size of particles determines its surface area
and therewith the fraction of constituents, that can either biophysically interact with the airway interface or
dissolve in the lung fluid. This step, after impaction of ambient particles in the epithelial lung fluid (ELF),
is an area of ongoing research, wherein the following questions are of critical importance: what fraction of
PM is dissolving (Wang et al., 2003); which constituents are more likely to dissolve (Ma et al., 2018); to
what extent do ultrafine particles penetrate through the epithelial barrier (Martinelli et al., 2013); are
insoluble (surface) constituents of PM relevant for redox chemistry and therewith oxidative stress in the
ELF (Fang et al., 2017); what is the composition of PM indoors, where we spend most of our lifetime
(Szalai, 1972; Abbatt and Wang, 2020)?

1.2 Reactive Species

Molecules with a short chemical lifetime, which play a role in redox processes of biologic systems, are
frequently referred to by the term reactive species (RS) (Sies, 2017). It includes short-lived free radicals
like OH, Oy, and organic radicals, but also comparatively stable species like H,O», O3, and nitrogen oxides
(NOy). Under consideration of this wide range of stabilities, the term RS can be perceived as misleading,
because it seems to be defined by a common range of reactivity. Nonetheless, this range is not restricted to
a certain half-life time, but wide and flexible in order to encompass all transient species that are relevant in
biological metabolisms. Accordingly, hydroxyl radicals, which react almost diffusion controlled with most
molecules (Arangio et al., 2015), and H,O», which has substantial steady-state concentrations in cells (Sies,
2017), belong to this same group. Due to the variability in reactivity and the different properties of these
species, a number of different measurement techniques for single RS or groups are used depending on the
aim of the study: e.g. EPR spectroscopy for the detection of free radicals, UV-vis spectroscopy with and
without dyes, electrochemical methods, or indirect detection of non-reactive end products (Halliwell and
Gutteridge, 2015; Seinfeld and Pandis, 2016; Bates et al., 2019).

In ambient aerosols, RS play a crucial role in atmospheric processing and aging. Especially O3, OH, and
NOy are key oxidants in the gas phase as well as the particle phase. They influence secondary particle
formation, particle growth, and the chemical composition of aerosols (Seinfeld and Pandis, 2016).
Furthermore, the levels of Oz and NOy in ambient air are common air quality metrics, due to their adverse
health effects. These health effects are associated with their reactive and oxidizing properties, but
epidemiological studies indicate, that the impact of these gas-phase oxidants is comparatively small under
ambient conditions compared to the effect of PM (Cohen et al., 2017; Lelieveld et al., 2020).

Apart from this destructive role as damaging oxidants, RS are also important signaling molecules in
biochemical systems (Alfadda and Sallam, 2012). In this context, they are produced by proteins to send
messages to other compartments in cells or even across tissues. Among others, this is important for parts of
the immune system, inflammation reactions, muscle activity, and many other cell biological functions
(Halliwell and Gutteridge, 2015). Due to this ambivalent role of RS — as damaging oxidants and vital signal
messengers — oxidative stress also fulfills an important role, which is why it is crucial to investigate the
balance between RS and antioxidants (Sies, 2017).



1.3 CeO2 Nanoparticles

Synthetic nanomaterials are widespread in numerous applications and research enterprises. They have
comparable sizes to ultrafine ambient PM (< 100 nm) and are often designed to serve as redox interfaces
(Karakoti et al., 2010). Accordingly, some toxicological properties may be similar between synthetic and
ambient particulate matter (Krug and Wick, 2011). Whereby synthetic nanomaterials typically have a
defined composition as well as known physicochemical properties. This allows more straight forward
interpretation of their behavior without the complex interplay of various constituents being characteristic
for ambient PM.

An example of such nanomaterials are cerium dioxide nanoparticles (CeNPs), which attract substantial
interest due to their redox properties and potential use in the treatment of various diseases (Rajeshkumar
and Naik, 2018). The distinct ability of cerium in CeNPs to change their oxidation state between Ce** and
Ce* enables such particles to effectively interact with RS (Dunnick et al., 2015). In accordance with this,
studies have observed antioxidant activities by CeNPs, e.g. direct scavenging of ‘OH, NO-, and
OONO" (Xue et al., 2011; Dowding et al., 2012; Dowding et al., 2013). Furthermore, enzyme-like activities
were found, mimicking the catalytic reactions of catalase- and superoxide dismutase (Yang et al., 2016).
Those reactions are influenced by the cerium oxidation state on surfaces, pH, oxidant levels, and Ce ligand
concentrations (Grulke et al., 2014). Contrary to these effects, some studies suggested that CeNPs may
promote oxidative stress and inflammatory signaling responses by RS generation (Wason et al., 2013; Park
et al., 2008). CeNPs have very low solubility at neutral pH (Plakhova et al., 2016) and can be produced in
high purity with a homogenous composition (Korschelt et al., 2018). Therefore, CeNPs represent a good
model to investigate the effect of insoluble, nanometer-sized, redox-active constituents of PM on RS
budgets in physiological environments.

1.4 Environmentally Persistent Free Radicals

Environmentally persistent free radicals (EPFR) are molecules that typically constitute of a transition metal
center and the radical intermediate of a polycyclic aromatic molecule (e.g. semiquinone) (Vejerano et al.,
2018). Their stability is at least several hours at room temperature, but the half-life time and exact molecular
composition are heterogeneous (Gehling and Dellinger, 2013). The occurrence of EPFR has been observed
first in aerosols originating from cigarette smoke (Church and Pryor, 1985), later also in ambient PM
(Dellinger et al., 2001). A wide range of EPFR concentrations has been found in PM from urban and
suburban environments (Xu et al., 2019). Different combustion processes have been identified as EPFR
sources, among them traffic, industrial activities, waste incineration, and residential heating (Wang et al.,
2019; Chen et al., 2019a). Mechanistic studies suggest, that in combustion processes polycyclic aromatic
compounds interact with transition metal ions, forming stable metal-organic radical complexes containing
phenoxy- and semiquinone residues (Dellinger et al., 2007; Vejerano et al., 2018). Other EPFR sources
include room temperature oxidation of organic molecules by ozone or transition metals (Borrowman et al.,
2016; Patterson et al., 2017) and photochemical reactions in PM (Chen et al., 2019b; Li et al., 2020).
Nevertheless to this date, there is a clear shortage of information about the ambient concentrations and
sources of EPFR in different environmental settings.

Besides the abundance, observations have revealed information about the properties of EPFR: the lifetime
of this class of compounds is diverse, ranging from hours to months (Gehling and Dellinger, 2013; Chen et
al., 2019a). The spectral properties are relatively conserved in a small range of g-values (2.0023-2.0048),
which is an indication for semiquinone type organic radicals. Therein, the varying oxidation degree



determines the exact deviation from the free electron g-value (Xu et al., 2019). Furthermore, the influence
of EPFR on multiphase reactions in ambient aerosols has been a matter of rising interest (Khachatryan et
al., 2011; Li et al., 2016; Zhao et al., 2019a; Deng et al., 2020). These studies have revealed, that the
formation of RS by EPFR could play a role in the degradation of organic molecules in the particle phase.
Therein, EPFR reportedly react either in solution or as catalysts on multiphase interfaces producing
different RS (e.g. ‘'OH and O, "), which may subsequently lead to oxidation of other compounds.

Moreover, EPFR have been connected to a number of biochemical inflammation pathways (Balakrishna et
al., 2009; Reed et al., 2014; Jaligama et al., 2018; Harmon et al., 2018), suggesting that they may play a
role in the health effects of PM. More concretely, these reports suggest that EPFR related RS formation
results in antioxidant depletion, enzyme deactivation, and altered gene expression, which was demonstrated
in cell culture as well as animal models. Even though it remains unclear whether these effects are induced
directly by EPFR or its constituents in another form, these findings encourage more in-depth studies on this
topic.

1.5 Research Objectives

Investigating the role and reactivity of radicals in airborne particles is important to better understand
multiphase processes and the health effects of fine particulate matter. To pursue these challenges, the
doctoral project aimed to apply EPR spectroscopy to constrain factors that influence the production of RS
during the suspension of particulate matter in liquid solutions. Secondly, aims to deepen the understanding
of EPFR occurrence and their role in particle phase reactivity. The detailed activities and research questions
were as follows:

1) Develop an understanding of how surface properties and surface area per unit mass influence the
redox activity of CeNPs under physiological conditions.

2) Elucidate radical formation of secondary organic molecules in PM and the effect of oxidation
degree. Find a way to connect insights into the molecular structure of organic matter in PM with
their potential to produce specific reactive species.

3) Achieve an improved understanding of the influence of key molecular constituents on the
production of reactive species PM from different sources.

4) Investigate concentrations of EPFR in PM from remote regions compared to urban areas to achieve
insights how the concentration and size distribution of EPFR vary between sites of different
pollution levels.

5) Investigate EPFR occurrence in indoor environments compared to outdoors, more specifically in
household aerosols, on surfaces, and in house dust. Test the applicability of EPFR concentration as
an indicator for particle phase reactivity.



2. Methods

2.1 Electron Paramagnetic Resonance Spectroscopy

Electron paramagnetic resonance (EPR) spectroscopy enables the qualitative and quantitative analysis of
molecules containing unpaired electrons (Gerson and Huber, 2003; Weil and Bolton, 2007). Therein, a
sample is exposed to a strong external magnetic field, resulting in Zeeman splitting of the spin energy states
associated with electrons (Figure 1). Subsequently, electromagnetic radiation is channeled through the
sample, which can induce transitions between two spin states under resonance conditions. The thereby
induced difference between ingoing and outgoing microwave radiation intensity can be measured, resulting
in quantitative information about the number of spins and thus unpaired electrons in the sample. Qualitative
information about the molecular structure can be retrieved from hyperfine splitting patterns as well as from
the point of resonance of the energy gap between the two spin states and the wavelength of the microwave
radiation at a specific magnetic field strength. Therein the resonance point depends on the molecule-specific
g-value, which for most organic molecules is close to the g-value of a free electron in vacuum (g = 2.00232).
It is mostly determined by the electron orbital magnetic moment resulting from spin-orbit coupling. The
hyperfine splitting results mostly from spin-nuclei coupling with magnetic nuclei in close proximity of the
unpaired electron. Therein the magnitude of the splitting is also characteristic for certain spin-nuclei couples.

Spectrum
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Figure 1: Schematic illustration of the operating principle of EPR spectroscopy: Microwave radiation induces - at the point of
resonance between the energy gap and the wavelength of the radiation - a transition of the spin state and therewith loses energy.

Standard EPR spectrometers typically require relatively stable concentrations of spins in the range of at
least 10710 mol L' (Hawkins and Davies, 2014). In order to account for physicochemical considerations
and ensure a sufficient concentration, EPR is mainly applied to solid and liquid samples. Whereby liquid
solutions pose special challenges due to varying spin-lattice interactions. Additionally, many molecules
with unpaired spins in solution exhibit short lifetimes, preventing the formation of substantial steady-state
concentrations. This is true for short-lived radicals like ‘OH, superoxide, and transient organic radicals,
which typically cannot be measured directly by EPR. In order to overcome this hurdle, the so-called spin-



trapping technique can be applied: Therein small organic molecules are added to the sample. These dyes
can react with short-lived species to semi-stable radicals, which accumulate in detectable concentrations
(Davies, 2016). A wide range of such spin-traps is commercially available, with differences in their
specificity and efficiency of trapping certain RS (Hawkins and Davies, 2014). For instance, nitrone spin-
traps (e.g. 5, 5-dimethyl-1-pyrroline-N-oxide short DMPO or 5-tertbutoxycarbonyl-5-methyl-1-pyrroline-
N-oxide short BMPO) are frequently used because of their ability to react with a variety of species including
C-, O-, N-, and S-centered radicals. On the other hand, the resulting adducts reveal only limited information
about the molecular structure of the initial radical. This is due to the comparatively large distance between
the radical carrying nitroxide group and the point, where the RS is bound to the spin trap. Conversely,
nitroso spin-traps deliver more qualitative information about the radical by hyperfine splitting patterns, but
they can often only be applied to C-centered radicals. Consequently, it is crucial to carefully choose the
measurement conditions including the selection of the right spin trap when needed.

The application of EPR spectroscopy in atmospheric sciences requires further considerations beyond the
aspects outlined above. Therein the main challenge arises from the complexity of environmental samples,
consisting of a multitude of molecules and phase states (Seinfeld and Pandis, 2016). Another important
aspect to consider is the low mass of ambient PM, because therewith concentrations of any substance of
interest are either low or PM needs to be collected for an extensive amount of time. Also, the mass of the
substrate or filter used for collection of PM can be orders of magnitude higher than the collected particles,
which can result in substantial matrix effects. Approaches to account for these challenges can be grouped
in the following fields of action:

1. Considerations before or during sampling of PM
2. Sample pretreatment and preparation
3. Measurement conditions

To collect PM for EPR measurements, filters or sample substrates should be chosen, which are as thin as
possible and free of transition metals. The thickness is crucial because it can reduce matrix effects and
enable the preparation of a small sample, which fits into the most sensitive region of the cavity and is
homogenous in the PM amount at each point of the sample. Transition metals and other impurities can yield
EPR signals, which potentially interfere with the signal of interest, or during extraction may leach into the
solution and participate in redox chemistry. For better reproducibility of direct measurements of PM on a
filter, it can be helpful to incubate samples under a dry N, atmosphere to prevent matrix effects of humidity
or changes in gas phase composition. Sample preparation for spin-trapping studies of PM should be done
without the influence of light, in pure and degassed solvents following strict time protocols. Generally,
during such experiments, it should be kept in mind that not only RS can interact with spin-traps, but also
other reagents like iron or copper species can induce unintended side reactions. In order to improve
sensitivity and reproducibility, it can be helpful to cool down samples and ensure a stable N> atmosphere
within the cavity and in the sample. Instrumental settings like the modulation amplitude may be used to
fine-tune between sensitivity and signal resolution depending on the requirements.

2.2 Collection of Suspended Particulate Matter

When sampling ambient PM for analysis, one can aim to collect the total amount of suspended particles
(TSP) or separate particles based on their size or aerodynamic diameter (Heard, 2006; Seinfeld and Pandis,
2016). Collection of TSP is typically performed using at least one filter, through which the ambient aerosol
is sucked, with a minimum path length from the air inlet to the filter material. On the filter material



individual particles can be deposited by the following mechanisms: Filtration of particles that are too large
to penetrate through the pores; impaction of particles with high inertia prohibiting them to follow the gas
stream; diffusion of very small particles away from the air stream, if it results in adsorption to the filter
material. PM segregation into different size intervals is usually based on the direct relationship of particle
aerodynamic diameter and inertia: to collect PM smaller than a defined threshold like PM 5 the geometry
and air stream velocity are designed in a specific way, that particles larger than this cut-off are depositing
on an interface above the actual substrate. It is also possible to stack multiple of such interfaces and thereby
segregate PM into many different size fractions.

For any kind of PM sampler, it is crucial to take into consideration the design of the inlet and flow velocity
because particles can also be lost in pipes. Shortly, the same mechanisms as during deposition on filters
play a role: very large particles may not fit through the air inlet and on any point where the airflow is not
in vertical orientation particles may be deposited due to inertia especially at angles. Moreover, the longer
the inlet line the more small particles diffuse to the pipe walls. Additionally, electrostatic charges of the
pipe may cause charged particles to be directed away from their flow direction, accordingly conductive
pipes should be used. Lastly, the flow velocity and pipe diameter determine whether the air flows in a
laminar shape or turbulent. The velocity should be slow enough to ensure a laminar flow, therewith
minimizing depositional losses to the wall, but at the same time fast enough to reduce diffusion losses.






3. Results

3.1 Overview

The results of this PhD project are presented in the form of 5 manuscripts for publication in peer-reviewed
journals (3 first author and 2 coauthored), which are enclosed in following chapters. Two of these papers
are already published in leading, international journals of the field, one is currently under review on an
open-access preprint server, and two will be submitted soon.

Reactive Species Environmentally

in Fine Particulate Matter Persistent Free Radicals

1. Hydroxyl Radical Scavenging by Cerium
Dioxide Nanoparticles
(Filippi et al., RSC advances, 2018)

4. Occurrence of Environmentally Persistent

Free Radicals in Remote and Polluted Regions

2. Oxidation Degree and its Influence on Radical (Filippi et al., ACP, in preparation)

Yield of Particulate Matter
(Tong et al., EST, 2019)

5. The Role of Environmentally Persistent
Free Radicals Indoors

3. Reactive Species Yield of Particulate (Filippi et al., EST Letters, in preparation)

Matter from Clean and Polluted
Environments

(Tong et al., ACP, 2020)

Figure 2: Overview of studies prepared in the context of the PhD project. Manuscripts listed on the left focus on reactive species
in solution studied with EPR spin-trapping, manuscripts on the right focus on condensed phase environmentally persistent free
radicals. Solid underlined titles are published in peer-reviewed journals, the dotted underlined title is currently under review,
and non-underlined titles shall be submitted soon.
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3.2 Hydroxyl Radical Scavenging by Cerium Dioxide Nanoparticles

This chapter has been published as research paper in RSC advances. As first author of this manuscript I
have performed a significant share of the experiments myself, coordinated the different characterizations,
and contributed a large part to the compilation and integration of the findings. More concretely I performed
the experiments with cerium nanorods in surrogate lung fluid and also some of the EPR spin-trapping
experiments with cerium nanoparticles of different size. Furthermore, I established and coordinated the
collaboration with Karsten Korschelt, Wolfgang Tremel, and Tobias Reich. This enabled the incorporation
of nanorods into the study and secured the characterizations of our nanoparticles by TEM, BET, and XPS.
Moreover, I provided the first draft of the publication, created the figures, organized the editing among the
coauthors, and contributed to the revision following reviewer comments.

Antioxidant activity of cerium dioxide nanoparticles and nanorods in scavenging
hydroxyl radicals

RSC Advances, 9(20), 11077-11081, (2019).

Alexander Filippi,* ! Fobang Liu,* -2 Jake Wilson,' Steven Lelieveld,' Karsten Korschelt,® Ting Wang,'
Yueshe Wang,* Tobias Reich,’ Ulrich Poschl,'! Wolfgang Tremel,? and Haijie Tong.!
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*Institute for Inorganic Chemistry and Analytical Chemistry, Johannes Gutenberg University Mainz, Mainz,
55128, Germany

“ State Key Laboratory of Multiphase Flow in Power Engineering, Xi'an Jiaotong University, Xi'an 710049,
China

3 Institute of Nuclear Chemistry, Johannes Gutenberg University Mainz, Mainz, 55099, Germany
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Cerium oxide nanoparticles (CeNPs) have been shown to exhibit antioxidant capabilities, but their efficiency
in scavenging reactive oxygen species (ROS) and the underlying mechanisms are not yet well understood. In
this study, cerium dioxide nanoparticles (CeNPs) and nanorods (CeNRs) were found to exhibit much
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Reactive oxygen species (ROS) generally describe reduction
products of oxygen molecules, including H,0, and hydroxyl
radicals (-OH).* ROS play a central role in biological processes
exerting both beneficial and adverse health effects.” Several
studies have looked into the redox balance between ROS and
antioxidants® as well as the underlying mechanisms.* Among all
ROS, -OH is considered as one of the most reactive species; it
can attack biomolecules and cause irreversible damage.® Thus,
experimental quantification and abiotic regulation of -OH
under physiologically relevant conditions is an important yet
challenging task.

In the last decade, cerium dioxide nanoparticles (CeNPs)
have drawn much attention due to their redox properties® and
potential therapeutic applications (such as treating cardiac
ischemia).” Efforts have been made to explore the potential use
of CeNPs as medicine.”'®"* The ability of CeNPs in switching the
oxidation state of Ce*" and Ce*" makes it a good candidate to
mediate ROS.*" Direct scavenging of -OH (process @ in
Scheme 1), NO-, and OONO™~ by CeNPs have been investi-
gated."'®* Moreover, previous studies indicated that CeNPs have
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-OH

scavenging activity than for CeNPs. These insights are important to understand the redox activity of
cerium nanomaterials and provide clues to the role of CeNPs in biological and environmental processes.

catalase- and superoxide dismutase (SOD)-like effects
(processes ® and ® in Scheme 1)."”*® Both effects are closely
correlated with the Ce®" and Ce*" surface concentrations, pH,
H,0, and chelating ligand concentrations.**>*

In contrast to research about the antioxidant activity of
CeNPs, inhalable CeNPs have been detected in ambient air and
concerns have been raised about their potential adverse health
effect.”**® Besides this, additional studies suggested that CeNPs
can induce oxidative stress, inflammatory signaling response,
and cell death upon generating ROS (processes @-® in Scheme
1) or ROS-messengers.”*>® Given the controversies about the
beneficial and toxic effects of CeNPs, it is necessary to distin-
guish the anti- and prooxidant activities of CeNPs under phys-

iologically relevant conditions.* In this study, we compared the

@ SOD-Iike reaction

2t

@ oxidation of Ce3* ® Fenton-like
reaction

H,0+0, CeNPs *OH

() catalase-like
reaction
 adsorption

H,0,+Fe?* — Fe3*+*OH+OH"
Fenton reaction

I
O

r@\/

H,O
@ direct scavenging

Scheme 1 Fenton reaction and reactive oxygen chemistry of CeNPs.
Red and green colors indicate ROS formation and scavenging
processes, respectively.
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-OH formation and scavenging ability of commercial CeNPs (J
25 and 50 nm) and homemade cerium nanorods (CeNRs) with
different physicochemical properties in phosphate buffered
saline (PBS) buffer, antioxidant solutions, and a surrogate lung
fluid (SLF). The SLF was used to mimic the key interface
between human respiratory tract and inhaled air.

Fig. 1 shows the size, morphology, surface composition, and
mass normalized surface area of CeNPs and cerium dioxide
nanorods (CeNRs). More information about the applied tech-
niques, sample handling and instrument settings is compiled
in Sections S1-S5.1 Fig. 1A and B indicate that CeNPs (& 50 nm)
and CeNPs (J 25 nm) have a heterogeneous size distribution
with average diameters of <50 nm and <25 nm respectively.
Moreover, samples of these commercial CeNPs contain
predominantly cubic NPs. In contrast, the morphology of
CeNRs (Fig. 1C) is more uniform with a length of ~100 nm.
Details about the CeNRs can be found from our previous
study.* In addition to the detection of size and morphology, the
specific surface areas of the cerium nanoparticles were deter-
mined to be 24.8 + 0.4 m* g~ (J 50 nm CeNPs) (Fig. 1D), 39.2 +
0.7 m*> g~' (J 25 nm CeNPs) (Fig. 1E), and 106.5 & 2.4 m*> g~*
(CeNRs) (Fig. 1F). Moreover, the similar Ce 3d XPS spectra of
CeNPs (J 50 nm) (Fig. 1G), CeNPs (J 25 nm) (Fig. 1H), and
CeNRs (Fig. 1I) indicate that the distribution of the cerium
surface oxidation states (Ce** and Ce*") on these NPs are quite
similar. The six most prominent peaks of these spectra are
attributable to Ce*" jons.* This indicates that Ce*" was the
dominant cerium species in all three samples. The peak fittings
(dashed lines) in panels G, H and I are based on the method by
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Fig.1 Physicochemical characteristics of CeNPs (& 50 nm) (A, D, and G),
CeNPs (@25 nm) (B, E, and H), and CeNRs (C, F, and I). (A-C) TEM images.
(D—F) Surface areas determined by BET. (G—I) Ce 3d XPS spectra. The
error bars in panels (D—F) represent standard deviations based on three
replicates. The dashed lines in panels (G-1) are fitting curves.
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Maslakov et al..** The fitting based deconvolution of Ce 3d XPS
spectra indicates that the concentration of surface Ce** in all
these samples is <3%. Such a low abundance of surface Ce** is
also supported by the absence of a shoulder peak of Ce 4f
electrons at ~1.1 eV in the XPS valence band spectrum of the
CeNRs samples (Fig. S31). Furthermore, the deconvolution of
the XPS spectrum of the O 1s region of the NPs (Fig. S2 and
Table S31) indicates that the CeNRs surface contains a much
higher concentration of hydroxide than CeNPs. This may
correlate with the synthesis method of CeNRs using NaOH as
reagent* and may play a role in the higher -OH scavenging
activity of CeNRs. These differences in chemical composition,
morphology, and surface area between CeNPs and CeNRs may
result in variations of their redox activity.

Fig. 2 shows the trapping mechanism of 5-tert-butox-
ycarbonyl-5-methyl-1-pyrroline-N-oxide (BMPO, panel A) and
EPR spectra of aqueous mixtures of Fe*", H,O,, SLF, and CeNPs
(panel B). Fig. 2A shows that BMPO can react with OH radicals
and form a BMPO-OH radical adduct. In this way, short lifetime
radicals can be probed and characterized by electron para-
magnetic resonance (EPR) spectroscopy (EMXplus10/12,
Bruker, Germany, see details in Section S5 and Table S4%).
The grey dashed lines in panel B indicate the characteristic
hyperfine splitting of BMPO-OH, in agreement with previous
assignment.®® The peak intensities of the spectra in Fig. 2B
decrease in the order A (Fe** + H,0,) > B (Fe>" + H,0, + CeNPs) >
C (Fe*" + H,0, + SLF) > D (Fe*" + H,0, + CeNPs + SLF). This
implies that the amount of -OH decreases accordingly. Based
on the spin-counting method,** we quantified the concentration
of BMPO-OH in these solutions. The results are shown in Fig. 3
and Tables S5-S7.7

Fig. 3A and B show the positive correlation of -OH yields of
CeNPs (J 50 nm) without (black circles) and with the addition
of H,0, (black triangles) under different CeNPs (J 50 nm)
loading conditions. In the absence of H,0,, 0.1-30 mg mL ™"

A J\{—/\/—’/H[i Fe*'+H20:2

B —J\,———’\/—J\/—J\ﬁ Fe”"+H202+CeNPs

(8) |
C— AN\~ A\——Fe”+H:0:+SLF
DM Fe*"+H202+SLF+CeNPs

T I‘ ‘I T 1
199 2.00 2.01 2.02 203
g-factor
Fig. 2 (A) Reaction mechanism of the spin-trapping agent BMPO with

a hydroxyl radical. (B) EPR spectra of the BMPO-radical adduct in
different aqueous mixtures. The four peaks (dotted lines) are charac-
teristic of BMPO—OH adducts. The concentrations of Fe?*, H,O,, and
CeNPs (& 50 nm) are 1 mM, 10 mM, and 10 mg mL~%, respectively.

This journal is © The Royal Society of Chemistry 2019
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Fig.3 Concentrations (A, B, and E) or remaining fractions (C, D, and F)
of BMPO-OH in different aqueous mixtures. (A) and (B) Concentra-
tions of BMPO-OH formed by pure CeNPs (J 50 nm) (O) or their
mixtures within H,O, (A) in pH = 4.7 (A) and 7.4 (B) PBS. (C) and (D)
Remaining fraction (c/co) of BMPO-OH without (cg) and with (c)
mixing CeNPs (& 50 nm) or CeNRs (1) with 1 mM Fe?* and 10 mM
H,0, in pH = 4.7 (C) and 7.4 (D) PBS. (E) Concentration of BMPO-OH
formed by Fenton reactions in neutral PBS, antioxidant solutions, and
SLF. (F) c/co of BMPO-OH with and without mixing CeNPs (& 50 nm)
(0), CeNPs (& 25 nm) (), and CeNRs () with 1 mM Fe* and 10 mM
H>0O, in pH = 4.7 SLF. The values of cq in panels B, D and F are ~53,
~17, and ~26 uM. The x-axis errors in panels A, B, C, D, and F represent
uncertainties from weighing and pipetting. All the y-errors represent
standard deviation of more than three replicates.

CeNPs (J 50 nm) can generate 0-0.8 and 0-0.5 pM -OH in pH =
4.7 (Fig. 3A) and 7.4 (Fig. 3B) PBS, respectively. The generation
of -OH by pure CeNPs (& 50 nm) in acidic PBS is consistent with
previous hypothesis that acid can catalyze the - OH formation by
CeNPs.* In contrast to pure CeNPs (& 50 nm), mixtures of 0.1-
30 mg mL ™" CeNPs (& 50 nm) with 10 mM of H,0, can generate
0-5 (pH = 4.7) and 0-3 pM (pH = 7.4) -OH, which also shows
a positive correlation with the loading of CeNPs (J 50 nm) as
shown in Fig. 3A and B. These hydroxyl radicals may be formed
through Fenton-like reactions initiated by CeNPs:*” H,0, + ce’t
— Ce*" + -OH + OH .

To evaluate the -OH scavenging activity of CeNPs in aqueous
solution, we measured the -OH yield by mixtures of CeNPs (J
50 nm) or CeNRs, Fe**, and H,0, in acidic and neutral PBS.

This journal is © The Royal Society of Chemistry 2019
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Fig. 3C and D show that the -OH concentration decreased with
increasing CeNPs or CeNRs loading, characterized by the
decreasing remaining OH radical concentration. In the absence
of CeNPs, Fenton reactions of 1 mM Fe*' and 10 mM H,O0,
generated ~53 and ~17 pM -OH in pH = 4.7 (Fig. 3C) and 7.4
(Fig. 3D) PBS. At 30 mg mL~" CeNPs (& 50 nm), concentration
of -OH decreased to 15 pM (pH = 4.7) and 11 pM (pH = 7.4),
respectively (Tables S5 and S67). In contrast to CeNPs, CeNRs
exhibited higher -OH scavenging efficiency, with 20-50% of
-OH to be scavenged by 0.1-20 mg mL " CeNRs. This implies
that the scavenging activity of CeNPs (J 50 nm) is more
pronounced under acidic conditions. The decrease of -OH
concentration may be induced by the following processes: first,
CeNPs (J 50 nm) or CeNRs could scavenge -OH directly
(process @ in Scheme 1).** Second, the adsorption of H,0, on
CeNPs (J 50 nm) or CeNRs surfaces (like process @ in Scheme
1) may decrease the available H,0, concentration.*® In this case,
due to the lower availability of the H,O, precursor, the amount
of -OH formed by Fenton reactions will decrease. Third, the
surface-bound H,0, can be decomposed via catalase-like reac-
tions (process ® in Scheme 1).>* This process will form H,0 and
O, rather than -OH. Beyond these two pathways, iron ion-
initiated redox processes may also influence the measured
-OH concentrations. For instance, it has been suggested that
upon interaction with the surface of CeNPs, Fe>" can enhance
the dissolution of Ce®" and cause the formation of 6-line ferri-
hydrite, which can increase the colloidal stability of the
CeNPs.* Such a reaction may alter the redox activity of CeNPs
(< 50 nm) or CeNRs.

Recently Baldim et al.*®* measured the H,O, surface adsorp-
tion potential of CeNPs with different sizes. They found that 5-
28 nm diameter CeNPs could adsorb 2-20 H,0, molecules
nm >, depending on the surface composition of the nano-
material. We used the adsorption potential from Baldim et al.
and estimated that only <1% of H,0, (~8 uM) can be adsorbed
on the surface of the CeNPs. Therefore, the surface adsorption
of H,O, by CeNPs cannot fully explain the reduction of -OH
concentration in Fig. 3. Furthermore, Pirmohamed et al*'
observed a H,0, decomposition rate of ~2.7 nmol min*
through catalase-like reactions. Based on this value, we estimate
that a concentration of 0.1 mg mL ™" of CeNPs would result in
a H,0, loss of <2% in our studies. Therefore, we suggest the
direct scavenging process (O in Scheme 1), rather than the
surface adsorption (@ in Scheme 1) and catalase-like (®in
Scheme 1) processes to be the dominant reduction pathways of
-OH.

Fig. 3E shows the -OH scavenging activity of typical epithe-
lial lung fluid antioxidants and a surrogate lung fluid (SLF).
Here, 0.1 mM of glutathione, 0.1 mM of uric acid, and 0.2 mM of
ascorbate solutions could scavenge ~8%, ~14%, and ~39% of
hydroxyl radicals originating from Fenton reactions of 1 mM
Fe** and 10 mM H,0, in PBS. The SLF showed a similar activity
as 0.2 mM ascorbate, ie. the -OH scavenging activities of
individual antioxidants are not additive and decrease in the
order ascorbate > uric acid > glutathione. This trend is consis-
tent with previous findings.*®

RSC Adv., 2019, 9, 11077-11081 | 11079
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To assess the antioxidant activity of CeNPs under quasi-
physiological conditions, we explored the -OH scavenging
activity of CeNPs and CeNRs in SLF. Fig. 3F shows the hydroxyl
radical yield by Fenton reactions in SLF as a function of the
CeNPs (J 25 and 50 nm) and CeNRs loading. As the loading of
CeNPs (< 50 nm) increased from 0.1 to 10 mg mL™ ', the
concentration of -OH in SLF decreased by 38-85%. Within the
same loading range, the CeNPs (J 25 nm) exhibited a similar
efficiency. Whereas at higher loadings (1-5 mg mL™"), the -OH
scavenging potential of CeNPs (J 25 nm) was 9-55% higher
than that of their 50 nm counterparts. In contrast to CeNPs, the
CeNRs showed a much higher -OH scavenging efficiency. Even
with a loading as low as 0.1 mg mL™ ", the CeNRs could reduce
88% of the -OH. For CeNRs loadings that exceeded 1 mg mL ",
no -OH could be observed. The trend of the -OH scavenging
efficiency according to CeNRs > CeNPs (J 25 nm) >CeNPs (J 50
nm) is in the same order as the surface area of these NPs
(Fig. 1D-F). Given the low abundance of Ce*" on fresh CeNPs
and CeNRs surface (Fig. 1G-H), we suggest that substantial
amount of Ce*" may be formed upon interactions of NPs with
water.” The larger surface area of CeNRs may increase the
density of Ce®* per unit particle mass and subsequently their
-OH scavenging activity. Previous works showed that CeNRs are
prone to expose their (110) facets to reactive species.* These
facets were described as reactive “hybrid structures” between
the (111) and (100) surfaces of CeNPs. Furthermore, the distinct
crystallographic surface structure of CeNRs may act as binding
site for reactive species (-OH and H,0,) exerting peroxidase-like
effects. Additionally, Fe>*-dependent reactive oxygen chemistry
may contribute to the observed -OH scavenging processes.*®
Finally, it has been suggested that glutathione could interact
with CeNPs and influence the redox couple of Ce**/Ce**.*

It is worthy to note that a real physiologic environment is
more complicated than SLF. A large number of redox chemistry
processes may alter the agglomeration and distribution of
CeNPs and relevant materials,* which may eventually influence
its properties including - OH scavenging efficiency and SOD-like
characteristics.*” Thus, characterizing CeNPs or their function-
alized derivatives in more realistic environments will be bene-
ficial and promising in follow-up studies.

Conclusions

In this study, we compared the ability of CeNPs and CeNRs in
scavenging hydroxyl radicals (-OH) under physiologically rele-
vant conditions. We found that CeNPs and CeNRs exert high
-OH scavenging activity in both PBS and SLF. In SLF, the -OH
scavenging potential of CeNPs increased 4-fold as the loading
increases from 0.1 to 10 mg mL™". In the same loading range,
CeNRs showed 5-50-fold higher -OH scavenging potential than
CeNPs, which may be attributable to the higher surface area and
defect density of CeNRs. Furthermore, we found the scavenging
activity of CeNPs is pH-dependent, exhibiting higher scavenging
efficiency under lower pH condition. The observed -OH scav-
enging efficiency of CeNPs and CeNRs in SLF took into account
the effect of antioxidants at concentrations close to the
epithelial lung fluid, reflecting the redox activity of CeNPs and
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CeNRs under more realistic in vitro conditions than previous
studies. These findings are of critical importance for a better
understanding of the relative ROS scavenging efficiency of
CeNPs comparing to conventional antioxidants. Moreover,
these results are also important for making accurate dose-
response curves predicting the toxicity or antioxidant charac-
teristics of CeNPs or their functionalized derivatives in biolog-
ical and environmental processes.
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Section S1. Materials and solution samples

The @ 25 (544841) and @ 50 nm (700290) diameter CeNPs were purchased from Sigma Aldrich and used as
received without further purification. Homemade CeNRs were synthesized along the method described by Korschelt
et al..! Briefly 0.08 M cerium (Ill) nitrate hexahydrate was mixed with 4.8 M sodium hydroxide for 30 min. Then, the
reaction mixture was dried at 373 K for 24 h and cooled down to room temperature. Later on, the precipitates were
isolated and washed with water and ethanol. Finally, the CeNRs were heated at 333 K for 24 h. These CeNRs have
the advantages of low costs, environmental compatibility, and long-term stability,® exhibiting enzyme activity
comparable to native jack bean urease! and quorum-sensing-regulatory properties similar to natural or engineered
vanadium haloperoxidases and halogenases.? All the commercial CeNPs and homemade CeNRs were stored in closed
vessels at room temperature until analysis.

The composition of surrogate lung fluid (SLF) is shown in Table S1. Therein the concentrations of ascorbate
(11140, Sigma Aldrich), citric acid (C0759, Sigma Aldrich), glutathione (G4251, Sigma Aldrich), uric acid (U2625, Sigma
Aldrich), and sodium chloride (443824T, VWR) are 0.2, 0.3, 0.1, 0.1, and 114 mM, respectively.® The pH was adjusted
by using different molar ratios of sodium phosphate dibasic (71269, Fluka) and potassium phosphate monobasic
(11594, Alfa Aesar). The total concentration of PO4* is 10 mM. The pH values were measured using a S210 pH meter
(Mettler Toledo). All the suspensions were always prepared and used freshly.

The loading of CeNPs in different suspensions is in the range of 0.1-30 mg mL. The composition of different
aqueous mixture samples is shown in Table S1. Briefly, the measured solution samples include:

1) Suspensions containing CeNPs (@ 50 nm) and phosphate buffer (PBS).

2) Suspensions containing CeNPs (@ 50 nm), PBS, and H20..

3) Suspensions containing CeNPs (@ 50 nm), PBS, H20,, and Fe?*.

4) Suspensions containing CeNPs or CeNRs, antioxidants, PBS, H20., and Fe?*.

Table S1. Summary of the spin trapping EPR experiments performed in this study.

Fent Effect on
Solutions Component re(aenecr::s Particle type OH'yield*
8 pH=4.7 | pH=7.4
PBS No CeNPs (@ 50 nm) | + +
PBS 10 mM mixture of Na;HPOa4 and KH2PO4 | Only H20: CeNPs (@ 50 nm) | ++ +
PBS H20; + Fe?* CeNPs (@ 50 nm) | --- -
SLF 10 mM NazHPO4 and KH2PO4 H.0, + Fe?* CeNPs (@ 50 nm) -
0.2 mM ascorbate ”
SLF 0.3 mM citric acid H20: + Fe CeNPs (@ 25 nm) -
0.1 mM glutathione
SLF 0.1 mM uric acid H20; + Fe?* CeNRs -
114 mM NacCl

* Note: the ‘+’ and ‘-’ represent the positive and negative effects of CeNPs or CeNRs in H,0, formation, respectively. The
number of the ‘+’ and ‘-’ indicates the extent of the effects by these NPs.



Section S2. Transmission electron microscope (TEM) analysis

The particle size and shape of the CeNPs and CeNRs were characterized using a TEM (FEI Tecnai G2 Spirit).! The
TEM images of these nanoparticles were taken with an acceleration voltage of 120 kV and a LaB6 kathode.

Section S3. Brunauer-Emmett-Teller (BET) measurement

The surface area of CeNPs and CeNRs was determined through the BET method. A gas adsorption setup
Autosorb-6B from Quantachrome with nitrogen as carrying gas has been used. The measurement was conducted at
77 K. Triplicates have been made for each type of nanoparticles.

Section S4. XPS measurement

X-ray photoelectron spectrometry (XPS) measurements were conducted to detect the surface composition of
CeNPs and CeNRs. A XPS spectrometer (SPECS GmbH, Germany) equipped with a twin-anode X-ray source XR 50, a
hemispherical energy analyzer PHOIBOS 100 and 5 channeltron detectors has been used for this study. The CeNPs
or CeNRs particles were pressed into indium foil without any additional prior treatment. Non-monochromatized Al
Ka radiation (1486.6 eV) was used to record the XPS spectra. The software CasaXPS (Casa Software Ltd., UK) was
used for data evaluation. More information about the analysis steps can be found in a previous study.* XPS
measurements where conducted with a pressure inside the analyzer chamber of about 10 mbar. The survey scan
was recorded at a constant analyzer pass energy Ep = 50 eV. High-resolution spectra of Ce 3d and O 1s were recorded
with Ep, = 13 eV. Ten sweeps of each spectrum were averaged. Fifty sweeps in the region of the outer valence
molecular orbitals (OVMO) were measured with Ep = 30 eV. Data analysis steps to produce the spectra in Fig. 1 and
Fig. S2 included satellite subtraction from Al Ka radiation and Shirley background calculation. Since the spectra did
not show any C 1s intensity, the binding energy of the Ce 3ds/2 peak of CeO2 was set to 882.3 eV to correct for surface
charging. The line shape for fitting the individual components was GL (60). The only constrain used in the fits of the
Ce 3d spectra concerned the full-width-at-half-maximum (FWHM) of the individual peaks. In the Ce 3d spectra, that
are composed of the 3ds2 and 3ds;z doublets with two associated satellite peaks each, the FWHM of the
corresponding pairs of peaks were independently fitted. Peak areas and positions were adjustable parameters during
all fits. The quantitative analysis of the O 1s components for the three different types of nanomaterials used in this
study can be found in Table S3. Clearly the abundance of surface hydroxide is much higher in the nanorods than in

the commercial CeNPs. The electron binding energies are display in Table S2.
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Fig. S1 XPS survey scan of the three different CeNPs and CeNRs samples.

Table S2. Electron binding energies E, (eV) for all three types of CeO: nanoparticles. The FWHM is shown in

parenthesis.

Ce03 Ce 3ds2” Sat1 Sat, 0 1s (Ce02) | O 1s(OH)
CeNPs (@50 nm) | 882.3(2.5) | 888.1(5.8) | 898.0(2.3) | 529.2(1.4) | 531.0(1.9)
CeNPs (@ 25 nm) | 882.3(2.4) | 888.1(5.7) | 898.0(2.3) | 529.2(1.4) | 531.8(2.8)
CeNRs 882.3(2.6) | 887.8(6.0) | 897.9(2.5) | 528.8(1.5) | 530.5(2.5)

* Ey of Ce 3ds/2 in CeO2 was set to 882.3 eV* to correct for electrostatic sample charging. The error in Ep equals +0.1
eV. Sat1 and Sat: are the charge-transfer and shake-up satellites associated to Ce 3ds/2, respectively.
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Fig. S2 XPS spectrum of the O 1s region of the three different nanoparticles. The CeNRs show significantly more OH"

groups® associated with the transition metal surface.

Table S3. Relative intensities (%) of the O 1s components and the oxygen coefficient x in CeO2 for different CeO2

nanoparticles.

*

CeO2 O1s-Ce02(%) | O1ls-OH (%) | x
CeNPs (@ 50 nm) | 83 17 2.0
CeNPs (@ 25 nm) | 84 16 2.1
CeNRs 54 46 1.7

* The oxygen coefficient was calculated from the relative O 1s (oxide) and Ce 3ds,2 intensities, assuming that x
equals 2.0 in sample CeNPs (@ 50 nm). The relative error is approximately +5%.
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Fig. S3 Valence band XPS measurement of the CeNRs for the binding energy between 0 and 50 eV, displaying that
there is no detectable Ce3* abundance at the surface of the samples. In case of Ce**, this would have led to a shoulder

at ~1.1 eV from unbound Ce 4f electrons as indicated by the arrow in the spectrum.

Section S5. CW-EPR measurement

In this study, 5-tert-butoxycarbonyl 5-methyl-1-pyrroline N-oxide (BMPO, high purity, Enzo Life Sciences GmbH)
was used as trapping agent.® A continuous-wave electron paramagnetic resonance (CW-EPR) X-band spectrometer
(EMXplus-10/12; Bruker Corporation) was used for measuring -OH. Aqueous mixtures containing CeNPs and CeNRs
were stirred with a vortex shaker (Heidolph Reax 1) for 10 min before EPR measurement. Then, approximately 20 uL
of the suspension were immediately transferred into a micropipette for EPR analysis, which took <0.5 min. Thus, the
reactants in each suspension sample totally reacted for 30+£0.5 min at room temperature during our measurement.
The concentration of BMPO in this study is 10 mM for all samples. The EPR spectra were recorded by setting the
operating parameters as shown in Table S1. The spin-counting method embedded in the Bruker software, Xenon,
was used to quantify BMPO-OH adducts. The spin-counting method was calibrated using the standard compound 4-
hydroxy-2, 2, 6, 6-tetramethylpiperidin-1-oxyl (TEMPOL). EPR spectra were fitted and simulated using the Xenon

software before quantification.’



Table S4. EPR settings used in this study.

Parameter Value
Microwave frequency 9.84 Ghz
Microwave attenuation 20dB
Microwave power 0.017 mW
Receiver gain 40 dB
Modulation amplitude 1G
Scan number 50 scans
Center field 3509 G
Sweep width 100G
Modulation frequency 100 kHz
Conversion time 11.05 ms
Time constant 10.24 ms

Table S5. BMPO-OH yield of aqueous mixtures of 1 mM FeSO4, 10 mM H:0., and varying loading of CeNPs (@ 50
nm) in PBS with pH=4.7.

CeNP (@ 50 nm) BMPO-OH
(mg/mL) (1M)
0 53.242.8
0.1+0.03 50.8+3.1
0.30.1 46.142.6
0.5+0.01 38.242.7
1.2+0.06 36.6+1.6
2.5+0.1 34.0+1.9
5.240.1 34.0+1.8
10.0+0.06 30.2+1.8
15.040.1 26.5+1.7
19.940.1 22.142.2
30.540.1 14.6%2.0




Table S6. BMPO-OH yield of aqueous mixtures of 1 mM FeSO4, 10 mM H:0:, and varying loading of CeNPs (@ 50
nm) in PBS with pH=7.4.

CeNP (@ 50 nm) BMPO-OH
(mg/mL) (1M)
0 16.7+1.0
0.4+0.01 15.9+1.2
0.6+0.03 15.5+1.3
1.1+0.06 14.7+1.4
2.6+0.03 14.2+1.4
4.9+0.1 13.8+1.4
10.1+0.1 12.4+1.2
15.1+0.06 11.7+1.2
20.0+0.1 10.4+1.0
29.9+0.06 10.8+1.1

Table S7. BMPO-OH concentrations in aqueous mixtures of 1 mM FeSO4, 10 mM H20;, PBS, antioxidant, or SLF
solutions with varying loadings of CeNPs or CeNRs.

L Fenton chemistry Fenton+CeNPs Fenton+CeNPs | Fenton+CeNRs
PBS/Antioxidant/Ce0: (M) (@50 nm) (uM) | (@25 nm) (uM) | (uM)
PBS 26.1+0.6
SLF 16.41+2.6
Citric acid 26.910.6
Glutathione 24.047.1
Uric Acid 19.9+7.2
Ascorbate 15.8+2.9
0.1 16.4£1.7 15.410.8 1.9+0.1
0.25 15.0+1.8 14.741.3 1.2+0.02
0.5 13.810.8 13.31£1.3 1.1+0.07
1.0 13.241.5 11.8+1.3 1.610.6
2.5 12.311.6 9.0+1.0 below LOD
5 10.3#1.1 1.2+1.1 below LOD
10 4.0+0.4 below LOD below LOD
20 0.610.1 below LOD
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3.3 Oxidation Degree and its Influence on Radical Yield of Particulate Matter

This chapter is has been published in the scientific journal Environmental science & technology. As the
third author of this paper I have contributed to the planning, conduction, and publication of this research
project. More concretely, I have contributed a significant share of the spin-trapping EPR experiments in
this study myself and supervised other coauthors including Ting Wang and Chenpei Li in conducting EPR
studies and SOA formation. Furthermore, I contributed to discussions and editing of text and figures in the
process of preparing the results for publication, particularly the EPR related work.
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mass spectrometric investigations, we found that the relative abundance of HOMs, especially the dimeric and low-volatility
types, in ambient fine PM was positively correlated with the formation of radicals in aqueous PM extracts. SOA from

Finland) forests exhibited a higher HOM abundance and radical yield than SOA from photooxidation of naphthalene and fine
PM from urban sites (Beijing, Guangzhou, Mainz, Shanghai, and Xi’an), confirming that HOMs are important constituents of
biogenic SOA to generate radicals. Our study provides new insights into the chemical relationship of HOM abundance,
composition, and sources with the yield of radicals by laboratory and ambient aerosols, enabling better quantification of the
component-specific contribution of source- or site-specific fine PM to its climate and health effects.

1. INTRODUCTION

Secondary organic aerosols (SOA) account for a major fraction
of fine particulate matter (PM,)," which plays a key role in
climate change and public health.”” Insights into the chemical
and redox characteristics of SOA are important for properly
understanding the role of fine PM at the atmosphere—biosphere
interface.” SOA particles contain a large fraction of reactive
substances such as peroxides and highly oxy$enated molecules
(HOMs).”™'* The HOMs exist in the gas >~ and particle
phases,"®™*" and they increase the oxidation state and initial
growth of organic aerosols, as well as influencing the stability and
reactivity of fine PM upon redox chemistry, including radical
reactions.'”****7** Therefore, a comprehensive understanding
of the physicochemical properties of HOMs and their
relationship with the oxidative potential of fine PM is
challenging but vital to unravel the climate and health effect of
SOA™

To date, a few studies have explored the formation
mechanism, structure, and chemical aging processes of
particle-phase HOMs. For instance, gas-phase oxidation of
organic compounds including Criegee intermediates has been
found to be an efficient formation pathway of
HOMs. ! #162925=27 Therein, SOA-bound HOMs were sug-
gested to contain multiple functional groups including hydro-
peroxides and to have molecular formulas with high atom ratios
of oxygen-to-carbon (>0.6 or 0.7)."'~'*'%**73% To subdivide
HOMs into different types, HOMs with carbon oxidation state”'
(OS¢ ~ 2% - %) > 0 were assigned to be both highly
oxygenated and highly oxidized compounds, while HOM:s
with OS. < 0 were attributed to be highly oxygenated but less
oxidized.'® Furthermore, HOMs in fresh biogenic SOA were
found to have formulas more closely resembling low-volatility
oxygenated organic aerosols (LV-OOA) than HOMs in aged
SOA."® Tréstl et al.'” and Ehn et al.”* found that HOMs in
laboratory-generated a-pinene SOA fell into the following
chemical composition range of C,H,O.: monomers with x = 8—
10,y = 12—16 and z = 6—12 and dimers with x = 17—-20, y = 26—
32, and z = 8—18."%** Beyond this, it has been assumed that
organic peroxides in @- and f-pinene SOA have molecular
weights of <300 g mol™,*” falling in the typical molecular weight
range of HOM monomers.'” These peroxides are redox active'"
and can generate reactive species such as radicals through
Fenton-like reactions”””* and photolytic or hydrolytic decom-
position in water.””*>7%” The reactive species are ubiquitous in
atmospheric, environmental, and biological processes, exerting
strong effects on climate change and public health.*** In
addition to organic peroxides, high-molecular-weight dimeric
esters have been found as major products in aerosols from
cyclohexene and a-pinene ozonolysis and boreal forest.""~*
Therefore, HOMs have different sources, complicated compo-
sition, and various redox activities. Beyond these findings, the
volatility, reactivity, and fate of different source HOMs remain

unclear.”* Insights into these uncertainties will enable a better
assessment of aerosol climate and health effects.

In this study, HOMs from all laboratory and ambient samples
were defined by molecular formulas matching the criteria from
Trostl et al.'” and filtering out HOM monomers with O/C ratio
<0.7.'° On the basis of this criterion, we investigated the relative
HOM abundance and radical yield of laboratory SOA formed in
a chamber and ambient fine PM in the air ranging from remote
forests to highly polluted megacities. The correlation of radical
yield of fine PM in water with the relative fraction of HOMs
(RFy0om) among organic constituents was investigated. The
RFyopm was defined as the ratio of the number of HOM ions to
all formulas identified in a spectrum. The molecular composition
of organic aerosol components was determined using an
ultrahigh-resolution mass spectrometer,*”** and the radicals in
water were identified and quantified using continuous wave
electron paramagnetic resonance spectrometry in combination
with a spin-trapping technique.*

2. MATERIALS AND METHODS

2.1. Ambient Particle Sampling. Ambient particles were
collected at seven different locations: central Amazon, Hyytiala,
Mainz, Beijing, Shanghai, Guangzhou, and Xi'an. Detailed
information on sampling time and instrumentation can be found
in Table S1.

The central Amazon fine PM was collected at two different
stations. One set of samples was collected from the site “T3” of
GoAmazon2014/5 located in a pasture area that was 70 km west
and downwind of Manaus, Amazonas State, Brazil.*® These
samples were used for analyzing the RFgy. The other set of
samples was collected at the Amazon Tall Tower Observatory
(ATTO) station, which is located in a remote area of the central
Amazon Basin, about 150 km northeast (upwind) of the city of
Manaus.*® At the T3 site, a Harvard impactor (Air Diagnostics,
Harrison, ME, USA) and polycarbonate filters (@ 47 mm,
Nuclepore) were used for PM collection at an air flow of ~10 L
min~". Particles were collected in the dry and wet seasons in
2014 (Table S1). The collected particle samples were stored in
—20 or —80 °C freezers until analysis. At the ATTO site, a
micro-orifice uniform deposition impactor (MOUDI, Model
125R, MSP Corp., USA) was used to collect sample air from a 60
m high inlet at a 80 m tall tower with an air flow rate of ~10 L
min~". Afterward, the filters were transported from ATTO to
Mainz in an icebox and then stored in a —80 °C freezer before
analysis. Dry season ATTO PM samples were collected from
October 20 to 21,2017, and from October 25 to 31, 2018. These
samples were used for analyzing the relationship between ion
number and chromatographic peak area indicating the relative
abundance of HOMs. Wet season samples were collected from
March 27 to April 25, 2017. These samples were used for
analyzing the radical yield of PM. More information about the
ATTO tower and the typical characteristics of aerosol particles
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in the upper troposphere over the Amazon Basin can be found in
previous studies.**"

The Hyytidld fine PM samples were collected from the boreal
forest site SMEAR II in Finland from July 7 to August 4, 2014
and from May 31 to July 19,2017. Scots pine and Norway spruce
are the dominant type of trees surrounding the station.”® A
three-stage Dekati PM,, impactor together with 47 mm
diameter quartz fiber (Pallflex Tissuquartz 2500QAT-UP) and
Teflon filters (PALL, Teflon) were used for particle sampling.
The quartz filters were prebaked at 600 °C for half a day to
remove organics. The air flow rate through the sampler was ~35
L min~". After collection, all filter samples were stored at —20 °C
(samples collected in 2014) or —80 °C (samples collected in
2017) before analysis.

The Mainz PM, 5 samples were collected onto borosilicate
glass fiber filters (@ 70 mm, Pallflex T60A20, Pall Life Science,
USA) using a PM, ¢ low volume air sampler in January 2015 at
the campus site of Johannes Gutenberg University of Mainz.
Additional fine MP samples were collected onto 47 mm
diameter Teflon filters (100 nm pore size, Merck Chemicals
GmbH) on the roof of the Max Planck Institute for Chemistry
with a micro-orifice uniform deposition impactor (MOUD],
110-R, MSP Corp.). The samplings were conducted from
August to November 2017 and from March to April 2018. The
air flow rate through both samplers was ~30 L min~'. The
collected filter samples were stored in —20 °C (samples
collected in 2015) or —80 °C (samples collected in 2017 and
2018) freezers before analysis. More information about the
aerosol sampling and chemical characteristization can be found
in our recent studies."”*’

PM, samples in urban sites of Beijing,"’ Shanghai, and
Guangzhou were collected onto prebaked quartz-fiber filters (8
X 10 in.) in the period between January 1 and 23, 2014, using a
high-volume air sampler (Tisch, Cleveland, OH, USA) at a flow
rate of ~1050 L min~'. Additional PM, g samples were collected
at Peking University campus, central urban region of Beijing,
onto 47 mm diameter Teflon filters (100 nm pore size, Merck
Chemicals GmbH) in 2016 and 2017 with a TH-16 sampler
(Tianhong company, China) at an air flow of ~30 L min~". The
samples collected in 2014 and 2018 were stored in —20 or —80
°C freezers before analysis.

The Xi'an fine PM samples were collected using a low-
pressure cascade impactor (Tisch TE-20-800, USA) on the roof
of Xi'an Jiaotong University in China. The cutoff aerodynamic
diameters of the sampler are 0.43, 0.65, 1.1, 2.1, 3.3,4.7, 5.8, and
9 pm. Particles were collected onto 90 mm diameter Teflon
filters (100 nm pore size, Omnipore JVWP09025, Millipore).
Each particle filter sample was collected for 48 h in the period
between September 14 and 22, 2017. Before sampling, each filter
was cleaned, dried, and weighed.SO After sampling, filters were
stored in a —80 °C freezer before analysis.

2.2. Laboratory SOA Formation and Collection. To
compare the relative HOM abundances in anthropogenic and
biogenic SOA, we measured the RFy;), in SOA formed from the
oxidation of naphthalene, isoprene, and a-pinene, which were
used as SOA precursors representative for Beijing,51 Amazon,>
and Hyytiili,”” respectively. Laboratory SOA were generated in
a 7 L quartz flow tube and a laboratory-scale reaction chamber
(33 L).” a-Pinene SOA particles were generated through gas-
phase ozonolysis. The isoprene and naphthalene SOA were
generated through gas-phase photooxidation by *OH radicals.
For the generation of SOA, the O; concentration was adjusted in
the range of 600—1100 ppb to generate a-pinene SOA. The

*OH concentrations were estimated to be ~5.0 X 10" cm™ for
the formation of isoprene and naphthalene SOA.*® On the basis
of a calibration function measured by gas chromatography—
mass spectrometry, the precursor concentration was estimated
to be in the range of 1—2 ppm for a-pinene and 0.5—1 ppm for
isoprene and naphthalene. A scanning mobility particle sizer
(SMPS, GRIMM Aerosol Technik GmbH & Co. KG) was used
to characterize the number and size distribution of SOA
particles, which were collected onto 47 mm diameter Teflon
filters (JVWP04700, Omnipore membrane filter) and extracted
into water immediately after sampling. More information about
the SOA formation, characterization, and collection are
described in previous studies.”>**°

2.3. Ultrahigh-Resolution Mass Spectrometer Meas-
urements and Data Processing. The chemical composition
were identified using a negative ion mode electrospray
ionization (ESI) LTQ Orbitrap mass spectrometer (Thermo
Fisher Scientific, MA, USA) at the University of Cambridge. All
other filter samples were analyzed at the Johannes Gutenberg
University of Mainz, using a Q-Exactive Orbitrap MS instrument
(Thermo Fisher Scientific, MA, USA) operated in both negative
and positive ion mode ESI and coupled with an ultrahigh-
performance liquid chromatography (UHPLC) system (Dionex
UltiMate 3000, Thermo Scientific, Germany). A Hypersil Gold
column (C18, 50 X 2.0 mm, 1.9 um particle size, Thermo Fisher
Scientific, MA, USA) was used for analyte separation. Eluent A
(ultrapure water with 2% acetonitrile and 0.04% formic acid)
and eluent B (acetonitrile with 2% ultrapure water) were used in
gradient mode with a flow rate of 500 yL min~'. Detailed
information on the optimized gradient can be found in our
recent study.”” Both mass spectrometers were optimized,
calibrated, and tuned using chemical standard kits. The filter
extraction and data processing methods are the same as those
which we used for organic aerosol composition analysis in
previous studies.*”**

After obtaining the MS spectrum and UHPLC chromatogram
of one sample, we processed the data through a nontarget
screening approach by using the commercially available software
SIEVE (Thermo Fisher Scientificc MA, USA).” Briefly, we
searched the ions with peak abundance >1 X 10° first and then
subtracted the background signals and assigned molecular
formulas. The numbers of C, H, O, N, S, and Cl atoms were
constrained to be 1—39, 1-72, 0—20, 0—7, 0—4, and 0—2 with a
tolerance of +2 ppm. Furthermore, the atom ratio limits of H/C
(0.3=3), 0/C (0-3), N/C (0-1.3), S/C (0—0.8), and Cl/C
(0—0.8) were used to eliminate chemically unreasonable
formulas.

2.4. Continuous Wave Electron Paramagnetic Reso-
nance Measurements. Continuous wave electron para-
magnetic resonance (EMXplus-10/12, Bruker, Germany)
spectrometry in combination with spin-trapping techniques
was used to detect radicals. S-tert-Butoxycarbonyl-S-methyl-1-
pyrroline N-oxide (BMPO, high purity, Enzo Life Sciences
GmbH) was used as the spin-trapping agent.”> The concen-
tration of BMPO in all extracts was 10 mM. The aqueous PM
mass concentration in the extracts of ambient fine PM and
laboratory SOA was in the range of 250—6300 yg mL™", with a
higher concentration for ambient fine PM and a lower
concentration for laboratory SOA. The aqueous PM mass
concentration is defined here as the total PM mass on the filter
cut divided by the volume of extraction solvent. The EPR
parameters used in this study were the same as in our previous
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studies:*>***° a modulation frequency of 100 kHz, a modulation

amplitude of 1.0 G, microwave power of 2.1 mW (20 dB),
receiver gain of 40 dB, a time constant of 0.01 ms, a scan number
of 50, and a magnetic field scan of 100 G. The spin-fitting and
-counting methods embedded in the Bruker software Xenon
were applied for quantification of radicals.*®

3. RESULTS AND DISCUSSION

3.1. Spectral Fingerprint of HOMs. We distinguished
HOM:s from other organic components in ambient fine PM
from Beijing, Amazon, Hyytidld, and laboratory SOA from
oxidation of a-pinene, isoprene, and naphthalene. We found that
the ion number fraction of HOMs is in linear positive correlation
with the fraction of chromatographic peak area of HOMs
averaged from measured samples (Figure Sla; y = 2.37 + 0.70x,
R* = 0.88), with the latter showing a positive exponential
correlation with the radical yield of PM (Figure S1b; y = 0.10 +
0.016 exp(0.37x), R* = 0.99), indicating that RFy;y may be an
indicator of the relative abundance of particle-phase HOMs.
Therefore, we showed the mass spectra as well as the RF values
of HOMs in Figure 1 and Figure S2.
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Figure 1. Spectral fingerprint and relative fraction of HOMs (red) and
non-HOMs (green) in different types of particles. The mass spectra
were measured using the LC-MS technique. The chromatographic peak
areas were used to calculate relative fractions of HOM:s for the pie
charts. The relative peak area (%) of the spectra belonging to HOMs in
ambient PM and laboratory SOA were multiplied by factors of 3 and 10,
respectively. The pie charts and enclosed numbers indicate the ion
number fraction of HOMs and non-HOMs. The spectra in (a)—(c) are
for PM samples collected in November 2017, October 2018, and July
and August 2014.

In ambient samples, most HOMs have been found in remote
samples dominated by biogenic SOA, while almost no HOMs
were found in fine PM in polluted urban sites. The lack of peaks
meeting the HOM criteria in Figure la indicates that HOMs
account for only a small fraction of the organic components in
Beijing fine PM, with a relative fraction of ~1%. In contrast to
Beijing fine PM, fine particles in remote forest air of the Amazon

1b) and ~13% (Figure 1c), respectively. This finding agrees well
with previous studies, reporting that HOM:s and high-molecular-
weight dimeric esters are major components of fine PM from a
measurement site in an agricultural pasture area in Germany
(Melpitz, Leibniz Institute for Tropospheric Research (TRO-
POS)) and Hyytiil3, respectively.””*" Thus, ambient particle-
phase HOMs are enriched in organic aerosols related to biogenic
sources.

As shown in Figure 1d—f, naphthalene SOA has the lowest
RFyop value of ~3% (Figure 1d). In contrast, relatively more
HOM molecules were observed in isoprene (~7%, Figure le)
and a-pinene SOA (~14%, Figure 1f). The higher RFyoy, value
of a-pinene SOA in comparison to that of naphthalene SOA
agrees with previous studies,””*® and the lower RFy;0y, value of
naphthalene SOA may be related to the lower molar yield of
extremely low volatility organic compounds (ELVOC) or
HOMs from oxidation of naphthalene (~1.8%) in comparison
with a-pinene SOA (~3.4%)."” In addition, it has been
estimated that organic peroxides contributed up to 49%, 85%,
61%, and 28% of a-pinene, -pinene, isoprene, and naphthalene
SOA mass, respectively.””***”° The consistently lower
abundance of organic peroxides and HOMs in naphthalene
SOA than in isoprene and @- and S-pinene SOA may reflect that
organic peroxides are one type of HOM. Finally, the order of
RFyoMm in the laboratory experiments with naphthalene,
isoprene, and a-pinene SOA (Figure 1d—f) is consistent with
ambient fine PM from Beijing, Amazon, and Hyytiila (Figure
la—c), confirming that oxidation of biogenic volatile organic
compounds, including their autoxidation chemistry, is an
efficient formation pathway of ambient particle-phase
HOMs.”” To demonstrate the source dependence of RFyopy
it is useful to clarify the chemical composition and volatility of
fine PM-bound HOM s in air ranging from clean background to
heavily polluted areas.

3.2. Chemical Composition of Particle Phase HOMs. As
shown in Figure 2a, HOM products only composed of carbon,
hydrogen, and oxygen (CHO) were preferentially found in
laboratory SOA, which was due to the extremely low
concentration of NO, during the experiments. In contrast,
ambient fine PM contained relatively few pure CHO
compounds as HOMs, increasing, however, with the decrease
of air pollution levels from Beijing (~0.4%) to Hyytiala
(~5.1%). In addition to CHO, ambient fine PM also contained
substantial fractions of CHON, CHOS, and CHONS forms of
HOMs, with higher RF values in cleaner air. The RF values of
CHOS and CHONS forms of HOMs in Amazon and Hyytiala
fine PM accounted for ~2% of totally assigned formula, which is
comparable to previous findings of organosulfates contributing
4—30% of aerosol mass in central Amazonia,®’ Hungary, and the
southeastern U.S.*”°*®® Furthermore, we have observed a
synchronous increase of the concentration of NO, and nitrogen-
containing organic compounds at Hyytiald,"* which might
reflect the important role of NOj-related multigenerational
chemistry in organonitrate aerosol formation.®>% Beyond this,
Table S2 shows that the RF value of the total CHOS subgroup in
Shanghai fine PM was ~239%, while the HOMs only account for
~0.4% (Figure 2a). Such a result is in line with previous findings
that the major CHOS compounds in Shanghai organic aerosols
were organosulfates, which possess distinctive characteristics of
long aliphatic carbon chains and a low degree of oxidation.””*®

In this study, all HOMs were assumed to have the same signal
response when we compared their peak areas among different
samples. However, different organic compounds might have
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Figure 2. Chemical composition and volatility of HOMs in fine
particles from different sources. (a) Chemical composition of HOMs.
(b) Relative fractions of HOMs with different volatilities. (c) Relative
fractions of HOM dimers and monomers. The error bars represent the
standard deviations of measurements with more than three individual
samples.

different sensitivities in the mass spectrometer in different
ionization modes. Thus, uncertainties exist when the peak areas
of HOMs in PM from different sources are compared. To
investigate the effect of ion mode on the RFygy value, we
compared the RFy o) values of different types of PM measured
in positive and negative ion modes, as shown in Table S3. It was
found that 63—93% of particle-phase HOMs were detected in
negative mode. This finding is in agreement with the study by Tu
et al,, which found many more HOM:s in laboratory-generated
limonene and a- and f-pinene SOA using a quadrupole-orbitrap
mass spectrometer coupled with a negative ion mode ESI
probe.'® Thus, the HOMs detected in negative ESI mode
dominate the total HOMs in PM. Furthermore, due to the
complexity of the elemental composition of HOMs, more
insights into their structural characteristics will enable a better
understanding of the connection of different types of HOMs to
the oxidative potential of organic aerosols.

3.3. Volatility of Particle-Phase HOMs. The volatility of
HOMs in fine PM from different sources was estimated using a

recently developed parametrlzatlon procedure for the volatility
of organic compounds.”” As shown by Figure 2b, laboratory
biogenic SOA contained a higher RF value of highly oxygenated
low volatility and extremely low volatility organic compounds
(LVOC and ELVOC types of HOMs) in comparison to ambient
fine PM, which contained fewer LVOC and ELVOC types of
HOMs. In addition, the ELVOC type of HOMs was not found
in isoprene SOA, which may correlate with the low SOA yield of
isoprene and the remarkably low molar yield of gas-phase
ELVOC.”” Furthermore, both LVOC and ELVOC were not
found in Shanghai particulate HOMs, an observation that agrees
with a previous finding of semivolatile organic compounds and
LVOC as the dominant component of the CHO subgroup in
Shanghai winter fine PM.°® The RF trend in the ambient
samples of LVOC and ELVOC types of HOM:s in Figure 2b
resembles the CHO form of HOMs in Figure 2a, likely reflecting
that particle-phase HOMs are mainly low-volatility CHO
species. The generally higher RF values of LVOC and ELVOC
types of HOMs in the CHOS and CHONS subgroups (Figure
S$3) indicate that the atmospheric nitrogen or sulfur chemistry of
particulate HOMs may decrease the volatility and change the
oxidative characteristics of organic aerosols.

3.4. HOM Monomers and Dimers in Fine PM. Figure 2¢
shows the RF values of HOM monomers and dimers in ambient
fine PM and laboratory SOA. The HOM monomers were found
in all analyzed particle samples, whereas HOM dimers were only
found in fine PM from lightly polluted urban air (Mainz),
from a@- and B-pinene. The absence of HOM dimers in isoprene-
derived SOA may be due to the high volatility of products during
the photochemical oxidation of isoprene precursors in the
chamber.”” The relative fraction of dimers in all PM samples
increased in the order of polluted urban fine PM < remote forest
fine PM < monoterpene SOA, which resembles the trend of
RFyopm. The HOMs in a- and f-pinene SOA were mainly
composed of dimers, with RF values of ~12% and ~9%,
supporting previous findings of high-molecular-weight dimeric
esters as major products in aerosols from a-pinene ozonolysis
and boreal forest.*”*' Krapf et al. found that peroxide-containing
HOMs have half-lives shorter than 1 h under dark conditions
and are thermodynamically unstable.'" Thus, the extremely low
relative fraction of particle-phase HOM dimers in urban air may
relate to the chemical aging and decomposition of HOMs in
ambient fine PM. Furthermore, chemical aging of HOMs via
redox chemistry of NO, or sulfur oxides may change the
composition and physicochemical properties of particle phase
HOMs in urban fine PM. For example, recent studies have
shown that atmospheric sulfur chemistry of HOMs'® and
reactive nitrogen chemistry in aerosol water’" can be sources of
organic and inorganic sulfates, respectively. Finally, it has been
found that NO, chemistry could alter the abundance of organic
peroxides in laboratory SOA.>”%° This might be a reason for the
low abundance of HOM dimers in urban PM, because the
HOMs always contain multiple peroxide functionalities.'”

3.5. Oxidation State of HOMs. Both the O/C ratio and

oxidation state of carbon (OSC) were used to describe the
oxidation degree of HOM:s,*! where OS¢ = —Z OS , OS; is

the oxidation state associated with element i, and nl/ nc is the
molar ratio of element i to carbon. We found that Beijing HOM
monomers (Figure 3a) had an O/C ratio of 0.89, which is lower
than that for Amazon HOM monomers (0.95) but higher than
that for Hyytiali monomers (0.88). Such a trend is inconsistent
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Figure 3. Van Krevelen and oxidation state diagrams for HOM:s in fine
PM from Beijing (a), Amazon (b), and Hyytiald (c) as well as in SOA
from oxidation of naphthalene (d), isoprene (e), and a-pinene (f). The
red and blue dotted lines represent OS. = —1.0 and 0.0, respectively.
The cyan shaded areas represent oxidation states ranging from —1.0 to
0.0. Pink and dark gray data points represent HOM dimers and
monomers, respectively. The size of the symbols reflects the relative
peak intensities in the mass spectra. The scaling factor for Amazon and
(a)=(c) were based on selected fine PM samples collected in
November 2017, June 2017, and March—October 2014, respectively.

with the RF values of HOMs and may not reflect the oxidation
state of organic aerosols properly. Therefore, we plotted the O/
C and H/C ratios of HOMs as well as O—SC for different values in
Figure 3. To obtain OS, we assumed the oxidation states of N
and S to be +5 and +6 respectively. We found that the oxidation
state of carbon in HOM monomers in fine PM from Beijing
(—0.11, Figure 3a) is on average lower than that in the Amazon
(—0.06, black circles in Figure 3b) and Hyytiala (0.21, black
circles in Figure 3c). This may be related to the stronger
contribution of alkane derivatives from gasoline and Iubrication
oil vapors from anthropogenic emissions in Beijing.””
Furthermore, Beijing fine PM contained amounts of HOM
dimers below the detection limit (Figure 2c), whereas Amazon
and Hyytiala fine PM contained a large fraction of HOM dimers
(pink circles in Figure 3b,c) exhibiting typical OScvalues
between —1.0 (red dotted line) and 0.0 (blue dotted line), with
average values of —0.64 and —0.59, respectively. Therefore, the
oxidation states and RF values of HOMs (Figure 2¢) in Beijing,
however with higher values for the cleaner sites.

To compare the oxidation state characteristics of HOMs in
anthropogenic and biogenic SOA, Figure 3d—f shows the O/C
and H/C ratios of laboratory-generated naphthalene, isoprene,
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and a-pinene SOA as well as the OS_. lines. We found that the
HOM monomers in naphthalene SOA had a larger O/C ratio
(1.06) in comparison to biogenic SOA (isoprene, 0.90; a-
pinene, 0.78), and the OS of HOM monomers in naphthalene
SOA (0.73) is also higher than in isoprene (0.14) and a-pinene
SOA (—0.65), which is different from the lower OS values of
HOM monomers in Beijing fine PM than in Amazon and
aging processes of ambient fine PM from laboratory SOA: e.g.,
the absence of NO,- and SO,-related chemistry in our chamber
experiments. Finally, ~20%, ~43%, and ~62% of the HOMs in
Beijing (Figure 3a), Amazon (Figure 3b), and Hyytiala (Figure
3c) fine PM had an oxidation state between —1.0 and 0.0.
Similarly, none, ~19%, and ~91% of the HOM:s in naphthalene
(Figure 3d), isoprene (Figure 3e), and a-pinene SOA (Figure
3f) had the same range of oxidation states, respectively. This
consistency indicates that highly oxygenated but less oxidized
HOMs should determine the oxidative potential of ambient fine
PM and laboratory SOA."®

3.6. Yield and Formation Potential of Radicals by
Ambient fine PM. To characterize the reactive species
formation potential of ambient fine PM, we measured the
radical yield and radical formation potential of fine PM from
different sources in water. The results are shown in Figures 4 and
5 and Figure S4. Figure 4a displays the EPR spectra of BMPO-
radical adducts formed in fine PM water extracts with BMPO.
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Figure 4. (a) EPR spectra and (b) relative fraction of radicals (RF,,gic.1)
formed by ambient fine particles. The yellow, green, black, and blue
dashed lines in (a) indicate the peaks assigned to *OH, O,*”, and C-
and O-centered radicals, respectively.
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represent the standard deviation of measurements with more than three
individual samples.

The multiple peaks in the spectra indicate the formation of
different radicals. Individual peaks were assigned to adducts of
*OH, 0,°7, and C- and O-centered radicals, respectively. Figure
4b shows the relative fraction of formed radicals (RF,,4.,) and
the amount of individual radicals %uantiﬁed on the basis of spin-
fitting and -counting techniques.”® The fine PM from highly
polluted megacities such as Shanghai, Guangzhou, and Beijing
mainly generated *OH and O,°~ radicals, whereas the fine PM
from less polluted urban and remote forest sites of Mainz,
Amazon, and Hyytidld dominantly yielded organic radicals. The
higher yield of *OH and O,°” by fine PM from highly polluted
megacities may be related to the enhanced Fenton-like reactions
associated with higher abundance of water-soluble transition
metals.”” The lower *OH but higher organic radical yield of fine
PM from the Amazon and Hyytiald may be due to Fenton-like
reactions initiated by transition metals and relatively stable
organic hydroperoxides,””*>*® and also the interaction of *OH
with SOA material.”*

Beyond the RF, 4, value, the radical yield from a given mass
of particles or the formation potential in a given volume of air
can also reflect radical formation of fine PM. Figure 5a shows
that the sample volume normalized radical formation potential
of ambient fine PM has a positive linear correlation with PM, g
concentration (R* = 0.85): y = 1.47 + 0.11x. Shanghai fine PM
exhibited the highest formation potential of ~15 pmol m™
radicals in ~96 ug m™— PM,, whereas ~3.5 ug m™> Amazon
PM,  generated only ~3 pmol m™ radicals. Thus, the radical
formation potential of fine PM may become a metric reflecting
the relative health risk of different concentrations of fine PM in
air ranging from clean background to heavily polluted areas. As

indicated in Figure 3, the oxidation state of HOMs in fine PM
from remote forests (Amazon and Hyytiald) and laboratory a-
pinene SOA was mainly in the range of —1.0 to 1.0. Thus, we
assume that radical formation by organic aerosols in water was
mainly driven by highly oxygenated but less oxidized HOMs, '
which had molecular formulas similar to those of low-volatility
oxygenated organic aerosols.'®’* Figure Sb shows the aerosol
sample mass normalized total radical yield of ambient fine PM,
which shows a negative power-law correlation with PM,
concentrations (R* = 0.90): y = x™**. Specifically, the Hyytiila
fine PM had the highest radical yield of ~0.7 pmol g™, while
the fine PM from Xi'an, Beijing, Guangzhou, and Shanghai
generated only 0.1—0.2 pmol yg ™" radicals. The trend of higher
radical yield from fine PM at remote forest sites in comparison to
urban sites resembles the organic radical yields in Figure 4b and
Figure S4 as well as the RFo) values in Figure 2, supporting the
conclusion that HOMs represent an important source for
radicals, especially organic radicals in water.

A previous study showed that, at —20 °C, the concentration of
peroxides in a-pinene SOA decreased <20% in 1 week.” In this
study, the laboratory SOA were collected immediately after their
formation and analyzed within 4 h. Thus, the influence of aging
effects on the relative HOM abundance and radical yield of
laboratory SOA is negligible. Regarding the ambient PM
samples, their RFy;oy values and radical yields were measured
within a few days. Therefore, particle aging should not influence
the relationship of RFyoy and radical yield in Figure 6
significantly.

3.7. Association of RFoy with Radical Yield. As shown
in Figure 6 and Figure S1b, both radical yields of ambient fine
PM (y = 0.071 + 0.01S exp(0.44x), R* = 0.74) and laboratory
SOA (y = 1.8 + 0.011 exp(0.52x), R* = 0.92) showed positive
exponential correlations with the RFyoy and chromatographic
peak area fraction of HOMs, with the laboratory SOA showing a
higher radical yield. This may reflect the different redox activities
of HOMs in ambient fine PM and laboratory SOA. The larger
deviations of radical yield and RFy) of Amazon and Hyytiila
fine PM than of urban fine PM may be due to the seasonal or
year-to-year aerosol composition variations due to changing
meteorological conditions.””**”® In contrast to ambient fine
PM, laboratory SOA had a much higher radical yield. Among
laboratory SOA, p-pinene SOA had the highest RFy;0y, value of
~11.5% and radical yield of ~5.9 pmol ug™', whereas
naphthalene SOA had the lowest RFyoy value of ~3.3% and
radical yield of ~1.8 pmol ug™". Isoprene and a-pinene SOA
exhibited similar RFyq), values of ~10.4% and ~10.0% and
radical yields of ~4.5 and ~3.4 pmol pug~', respectively. The
higher radical yield of laboratory SOA may mainly be due to the
higher relative fraction of CHO forms of HOMs in fresh
laboratory SOA (Figure 3b). The consistent positive exponen-
tial correlations of RFy;oy and radical yield of ambient fine PM
and laboratory SOA strongly indicate that HOMs are closely
associated with the radical formation by PM in water.

To explore the influence of ionization mode during mass
spectrometry analysis on the association of radical yield by PM
with RFy;q), we show the Spearman correlation coefficients (r)
of radical yields (pmol pg™") with chemical groups analyzed in
negative mode, positive mode, and their sum in Table S4. It can
be seen that the radical yield has a close correlation with the RF
value of total HOMs, HOM dimer, and LVOC type of HOMs
identified in the different modes. Therefore, Tables S3 and S4
indicate that the RFygy value measured in negative mode
resembles the distribution of total HOM:s in fine PM.
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To explore the association of different types of HOMs with
the radical yield, we calculated the Spearman correlation
matrix’/ of total HOMs and individual chemical subgroups
with the aerosol sample mass normalized radical yield (Figure 7
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Figure 7. Spearman correlation matrix of HOM relative abundance and
aerosol mass normalized radical yield.

and Table S4; for the method see Supporting Information). As
shown in Figure 7, blue colors and negative values indicate
negative correlations, and red colors and positive values indicate
positive correlations. When the Spearman r value is >0, a lighter
color represents a weaker correlation and vice versa for a
negative Spearman r value. The relative fraction of total HOMs
showed one of the strongest correlations with the yield of total
radicals (Spearman r = 0.92), confirming the important role of
HOMs in generating radicals. Moreover, the CHO forms of
HOMs showed a close positive correlation with the total radical
yield (Spearman r = 0.91). In contrast, the CHON form of
HOMs showed much weaker correlation with total radical yield
(Spearman r = 0.13). Furthermore, both CHOS and CHONS
forms of HOM:s had negative correlations with the radical yield
(Spearman r = —0.30 and —0.35). Therefore, the CHO forms of
HOMs may play stronger roles in comparison to CHON,
CHOS, and CHONS forms of HOMs in radical formation, and
the atmospheric chemistry of nitrogen or sulfur should decrease
the radical yield of organic aerosols in water. This can be
explained by the decreased abundance of organic hydro-
peroxides upon formation of organic nitrates.”®”*”” In addition
to the CHO form of HOMs, the highly oxygenated SVOC and
LVOC subgroups also showed close correlation with total
radical yield (Spearman r = 0.56 and 0.95), which is in line with
the lower RF value of ELVOCs in the CHO form of HOMs
(Figure S3). Furthermore, the HOM dimers showed a closer
correlation with the total radical yield of fine PM (Spearman r =
0.94), reflecting an important role of HOM dimers in generating
radicals. This is consistent with previous findings of higher
oxidation potential of oligomer-rich fractions of SOA from
polycyclic aromatic hydrocarbons.*” In contrast, the HOM
monomers had weaker correlation with the radical yield
(Spearman r = 0.23), indicating that HOM monomers may
decompose and be lost more efficiently during particle aging.
This hypothesis is supported by the finding of Krapf et al., which
demonstrated that organic peroxides in a-pinene SOA are
thermodynamically unstable with half-lives shorter than 1 h
under dark conditions.'' In addition, other studies also found
that organic peroxides, including organic hydroperoxides, might
be involved in the formation of organosulfates,zo oligomers,81
and radicals in water.”>**~*® Therefore, organic peroxides may
undergo heterogeneous chemical reactions during atmospheric
aging processes. Given the presence of peroxide functional
groups in HOMs, we speculate that the weak correlation of
HOM monomers with the radical yield of fine PM from different
sources may be due to aging processes of particle-phase HOMs.
Furthermore, organic—metal interactions have shown syner-
gistic effects in producing reactive oxygen species.*”*” Thus, we
suggest that the close correlation of RFygy, with radical
formation may also be related to redox chemistry involving
metal ions. Finally, Table S4 and Figure SS indicate that the
radical yields of ambient fine PM and laboratory SOA have a
weak negative correlation with the O/C ratio (Spearman r=
—0.42) and oxidation state (OS.) (Spearman r = —0.3) of
totally assigned compounds, supporting the conclusion of highly
oxygenated but less oxidized HOMs as important radical
precursors of fine PM in water.

In conclusion, we found that HOMs are closely associated
with the radical formation by ambient fine PM and laboratory-
generated SOA in water. The formed radicals may influence the
formation and evolution of SOA through multigenerational
chemical processes.””**7%% For example, aqueous-phase
chemistry of HOMs has been suggested to be a major pathway
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for the formation of organosulfates.m’87 In addition, HOMs
were suggested to contain at least one, and often multiple,
hydroperoxide, peroxide, or peroxy acid groups.”* These
reactive functional groups may initiate redox chemistry,
including Fenton-like reactions,””***>7**%=%° which may
change the reactivity and role of fine PM during atmospheric
processing. Beyond their climate effects, HOMs may exert
adverse health effects due to the enrichment of organic peroxides
and their ability to generate reactive species. For instance,
exposure of lung epithelial cells to photochemically aged SOA
showed increased toxic effects, which may be related to the
elevated abundance of peroxides in aged SOA.*® Thus, our
findings may provide new insights in quantifying the
contribution of specific components to the climate and health
effects of fine PM from different sources.”’ Considering that
HOMs widely exist in both biogenic and anthropogenic organic
aerosols, the seasonality dependence and physicochemical
properties of HOMs from different sources and their exact
role in environmental and biological processes need to be
investigated. Finally, during the ESI-MS measurement, ion
suppression, ion enhancement, solvent interaction, adduct
formation, etc. may influence the HOM detectability or the
sensitivity of the method in distinguishing different type of
HOMs, which warrants follow-up studies.
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in different types of particles.

Figure S3: Relative fraction of highly oxygenated VOC with different chemical composition.

Figure S4: Relative fractions of HOMs and organic radicals formed by ambient fine PM in
water.

Figure S5: Correlation of particle mass normalized radical yield with O/C ratio (a) and

oxidation state (b) of all assigned compounds in different type of PM.
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Section S1. Correlation coefficients and chemical groups included in Spearman
correlation analysis.
Spearman correlation coefficients were calculated using the method in literatures:"2 7 = 1 —

Y d?
( R ad .

-~ (n2—1))’ where r is the correlation coefficient, d; is the rank difference of two subgroups,

and n is the sample size. The Spearmen correlation coefficient values for the included groups

and species are listed in Table S3.
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Table S1. Particle sampling information.

Air flow | Volume Particle
Site Location rate/L of . Sampler Sampling time
min’! air/m’ stze
Amazon 3.21°N, 10 14 PM, s Harvard impactor 05-06/03/2014
60(%’)"15 10 14 | PMas Hgﬁirsﬁaﬁgs%cg W | 1515032014
10 14 PM, s 15-16/03/2014
10 14 PM: s 16-17/03/2014
10 14 PM, s 18-19/03/2014
10 14 PM, s 25-26/03/2014
10 14 PM, s 07-09/09/2014
10 14 PM, s 09-10/09/2014
10 14 PM, s 12-13/09/2014
10 14 PM, s 14-15/09/2014
10 14 PM, s 15-16/09/2014
10 14 PM, s 18-19/09/2014
10 14 PM, s 23-24/09/2014
10 14 PM, s 27-28/09/2014
10 14 PM, s 03-04/10/2014
10 68 PM, s MOUDI (125R, MSP | 27/03-01/04/2017
10 101 | PMm | comporation USA) 02-09/04/2017
10 98 PM, 5 09-16/04/2017
321N, 10 126 PM, s 16-25/04/2017
60.60°E 38 55 PM Homemade 20/10/2017
(ATTO) 38 55 PM, 5 PMos sampler 21/10/2017
38 55 PM; s 25/10/2018
38 55 PM, s 29/10/2018
38 55 PM> s 31/10/2018
Hyytidla 61.85°N, 32 100-134 | PM,5 Dekati PM o impactor | (07/07-04/08/2014
24.29°E 203 PM, (Dekati Ltd., Tampere, 02-05/06/2017
Finland)
202 PM; 5 07-09/06/2017
153 PM, 5 09-12/06/2017
100 PM; s 19-21/06/2017
252 PM, 5 21-26/06/2017
100 PM, 5 26-28/06/2017
99 PM; 5 28-30/06/2017
153 PM, 5 30/06-03/07/2017
103 PM, s 03-05/07/2017
155 PM, 5 07-10/07/2017
99 PM; s 10-12/07/2017
98 PM; 5 12-14/07/2017
153 PM, 5 14-17/07/2017
102 PM; 5 17-19/07/2017
Mainz 38 55 PM> s 25-26/01/2015
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55 PM, s Homemade PMs.s 26-27/01/2015

55 PM, sampler 27-28/01/2015

29 80 PM, s MOUDI (122R, MSP 22-24/08/2017

80 PM, 5 corporation, USA) 26-28/08/2017

80 PM, g 28-30/08/2017

80 PM, 5 25-27/09/2017

43:2?:? : 80 | PMs 25-27/1012017

80 PM, g 14-16/11/2017

80 PM, 5 01-03/03/2018

80 PM, ¢ 14-16/03/2018

80 PM, 5 18-20/04/2018

80 PM, 5 18-20/04/2018

80 PM, 5 22-24/08/2018

Beijing 116.31°E, 30 43 PM, 5 Tisch Environmental 06-07/11/2017

39.99°N 43 PMa 5 Clesg;g (i agnfll,e{j’s A | 07-08/11/2017

43 PM, s 08-09/11/2017

43 PM, s 09-10/11/2017

43 PM, 5 20-21/11/2017

43 PM, s 27-28/12/2017

43 PM, s 28-29/12/2017

43 PM, s 15-16/01/2018

Shanghai 121.43°E, 1000 1612 PM,s Homemade PM; 5 01-02/01/2014

34.50°N 1585 | PMos sampler 19-20/01/2014

1620 | PMas 20-21/01/2014

1628 | PMays 24-25/01/2014

1614 | PMas 26-27/01/2014

1612 | PMas 27-28/01/2014

Guangzhou | 113.27°E, 1050 1690 PM, 5 Tisch Environmental 05-06/01/2014

23.13°N 1599 | PMys | FMessampler, USA ™0 07012014

1596 | PMas 11-12/01/2014

1601 | PMys 08-09/01/2014

1616 | PMys 12-13/01/2014

1646 | PMys 13-14/01/2014

Xian | 108.95°E, | 282 81 PM,, | Tisch TE-20-800, USA | 14-16/09/2017
34.27°N

81 PM,, 16-18/09/2017

81 PM,, 18-20/09/2017

81 PM,, 20-22/09/2017
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Table S2. Total relative fraction of subgroups with different chemical composition and
volatilities in fine PM.

Ambient fine PM/ CHO CHON CHOS CHONS VOC IVOC SVOC LVOC ELVOC

laboratory SOA Relative fraction (%)

Guangzhou 40 33 18 9 0 29 47 13 11
Beijing 49+6  34+6 1346 443 1£1 5243 414 3+2 3+3
Shanghai 33 33 23 11 0 32 49 11 8
Xi'an 4143 2543 25%2 9+3 1£1 4045 43£2 1043 6+1
Mainz 35¢5 3043 17£2 1843 1+1 2145 365 21+4 2146
Amazon 5183 27+2 12+1 101 241 2241 3742 24+] 1542
Hyytidld 63+5 2045 14£2 3+1 241 4244 38+£2 1543 3+1
Naphthalene SOA 100 0 0 0 2 32 32 21 13
B-pinene SOA 100 0 0 0 5 31 31 28 5
Isoprene SOA 100 0 0 0 6 36 33 19 6
a-pinene SOA 100 0 0 0 5 25 31 29 10
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Table S3. Relative fraction of HOMSs measured in different ion mode.

RFnom (%)
Type of samples - —
negative positive
Beijing 1.4 0.5
Shanghai 2.2 1.3
Guangzhou 4.7 1.9
Xi’an 5.1 0.4
Mainz 6.6 1.8
Amazon 7.3 2.0
Hyytidla 8.8 1.7
a-pinene SOA 10.0 1.8
B-pinene SOA 11.5 1.6
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Table S4. Spearman correlation coefficients (r) of radical yields (pmol pg™) and chemical groups
that identified in negative mode, positive mode, and the sum of them.

) ion mode
Species . -

negative  positive  sum
Total HOMs 0.92 0.36 0.86
HOM monomer 0.23 0.14 0.27
HOM dimer 0.94 0.93 0.94
SvVOC 0.56 0.11 0.63
LVOC 0.95 0.62 0.88
ELVOC 0.24 0.42 0.59
CHO 0.91 0.80 0.90
CHON 0.13 -0.08 0.09
CHOS -0.30 0.73 0.00
CHONS -0.35 0.48 -0.03
o/C -0.42 0.78 -
0S. -0.30 0.66 -
*OH 0.73 0.73 0.73
O 0.69 0.71 0.71
Organic radicals 0.73 0.73 0.73
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Figure S1. Relationship between relative abundance of HOMs and radical yield of fine PM.
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Fitting line

(a)

Correlation of ion number fraction (RFuom) and chromatographic peak area fraction of HOMs. (b)

Correlation of chromatographic peak area fraction of HOMs with radical yield of PM. The ‘area fraction

of HOMs’ means sum chromatographic area of HOMs divided by the sum chromatographic area of all-

assigned organic compounds. The Amazon PM samples used for panel (a) were collected in October

2018.
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Figure S2. The spectral fingerprint and relative fraction of HOMs (red) and non-HOMs (green) in
different type of particles. The peak area of each compound was obtained from LC-MS measurement.
The relative peak area (%) of spectra belonging to HOMs were multiplied by a factor of 5. The red and

green parts of the pie charts indicate the relative fraction of HOMs and non-HOMs, respectively.
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Figure S4. Relative fractions of HOMs and organic radicals formed by ambient fine PM in water. The

RForganic radicat 18 defined as the organic radical yield divided by total radical yield of particulate matter

from different locations. The fitting equation is: y=22.9 + 5.6x.
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3.4 Reactive Species Yield of Particulate Matter from Clean and Polluted

Environments

This chapter is currently under revision for publication on the preprint server Atmospheric chemistry and
physics discussions. As third author of this manuscript I have been involved in planning, conducting,
writing, and revising this manuscript. I have personally performed many of the EPR spin-trapping analyses
of ambient PM for this study and shaped the interpretation of the results by contributing to writing and
editing of the figures. In particular my contribution was focused on the analysis and presentation of the
ambient PM samples.
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Abstract

Interaction of water with fine particulate matter leads to the formation of reactive species (RS) that may
influence the aging, properties, and health effects of atmospheric aerosols. In this study, we explore the RS
yields of fine PM from remote forest (Hyytidld, Finland) and polluted urban air (Mainz, Germany and
Beijing, China) and relate these yields to different chemical constituents and reaction mechanisms.
Ultrahigh-resolution mass spectrometry was used to characterize organic aerosol composition, electron
paramagnetic resonance (EPR) spectroscopy with a spin-trapping technique was used to determine the
concentrations *OH, O,*, and carbon- or oxygen-centered organic radicals, and a fluorometric assay was
used to quantify H>O, concentration. The mass-specific yields of radicals were lower for sampling sites
with higher concentration of ambient PM, s (particles with a diameter < 2.5 um), whereas the H,O» yields
exhibited no clear trend. The abundances of water-soluble transition metals and aromatics in ambient PM> s
were positively correlated with the relative fraction of *OH to the totally detected radicals, but negatively
correlated with the relative fraction of carbon-centered radicals. Moreover, we found that the relative
fractions of different types of radicals formed by ambient PM, s were comparable to the surrogate mixtures
comprising transition metals, organic hydroperoxide, H>O,, and humic or fulvic acids. Therein humic and
fulvic acids exhibited strong radical scavenging effect to substantially decrease the radical yield of mixtures
comprising cumene hydroperoxide and Fe**. The interplay of transition metals (e.g., iron), highly oxidized
compounds (e.g., organic hydroperoxides), and complexing agents (e.g., humic or fulvic acids), leads to
non-linear concentration dependencies of production and yields of different types of RS. Our findings show
that how the composition of PM; 5 influences the amount and nature of RS produced upon interaction with
water, which may explain differences in the chemical reactivity and health effects of particulate matter in

clean and polluted air.
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1 Introduction

Atmospheric fine particulate matter with a particle diameter < 2.5 um (PMas) forms reactive species (RS)
upon interaction with water and respiratory antioxidants (Bates et al., 2015;Lakey et al., 2016;Park et al.,
2018;Liet al., 2018;Tong et al., 2019). The umbrella term RS comprises reactive oxygen species (e.g., "OH,
0", '0,, H20,, and ROOH) as well as C- and O-centered organic radicals (Halliwell and Whiteman,
2004;Sies et al., 2017), which influence the chemical aging of atmospheric aerosols and their interaction
with the biosphere (Poschl and Shiraiwa, 2015;Reinmuth-Selzle et al., 2017;Shiraiwa et al., 2017). For
example, Fenton-like reactions of hydroperoxides with transition metal ions contribute to the formation of
aqueous-phase radicals including *OH (Jacob, 2000;Enami et al., 2014;Anglada et al., 2015;Tong et al.,
2016a), enhancing the conversion of organic precursors to secondary organic aerosols (SOA) (Donaldson
and Valsaraj, 2010;Ervens et al., 2011;Gligorovski et al., 2015;Gilardoni et al., 2016). Moreover, PM> s
may generate excess concentrations of RS in human airways, causing antioxidant depletion, oxidative stress,
and respiratory diseases (Nel, 2005;Cui et al., 2015;Lakey et al., 2016;Qu et al., 2017;Lelieveld and Poschl,
2017;Rao et al., 2018).

The formation pathways and yields of RS from ambient PM and laboratory-generated SOA have been
investigated in a wide range of studies (Valavanidis et al., 2005;0hyama et al., 2007;Chen et al., 2010; Wang
et al., 2011a;Wang et al., 2011b;Verma et al., 2014;Badali et al., 2015;Bates et al., 2015;Verma et al.,
2015;Arangio et al., 2016;Tong et al., 2016a;Kuang et al., 2017;Tong et al., 2017;Zhou et al., 2018;Tong
et al., 2019;Chowdhury et al., 2019;Fang et al., 2019;Liu et al., 2020). The mass, surface area, and chemical
composition of PM were discussed as key factors influencing the reactivity of atmospheric aerosols (Mgller
et al., 2010;Fang et al., 2015;Jin et al., 2019). Among the substance groups associated with RS formation
by PM in water are black carbon (Baumgartner et al., 2014), transition metals (Yu et al., 2018), oxidized
aromatic compounds including quinones and environmentally persistent free radicals (Xia et al.,
2004;Gehling et al., 2014;Charrier et al., 2014;Xiong et al., 2017), humic-like substances (Lin and Yu,

2011;Page et al., 2012;Fang et al., 2019), and peroxide-containing highly oxygenated organic molecules
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(HOMs) (Chen et al., 2010;Wang et al., 2011b;Tong et al., 2016a;Tong et al., 2018;Tong et al., 2019;Fang
et al., 2020;Qiu et al., 2020). Moreover, the humic-like substances and other multifunctional compounds
containing carboxyl, carboxylate, phenolic, and quinoid groups may influence the redox activity of PM via
chelating transition metals (Laglera and van den Berg, 2009;Kosti¢ et al., 2011;Catrouillet et al.,
2014;Gonzalez et al., 2017;Wang et al., 2018c;Win et al., 2018;Wei et al., 2019).

To assess the oxidative potential of ambient PM, the following cellular or acellular assays have been
used: dichloro-dihydro-fluorescein diacetate (DCFH-DA), dithiothreitol (DTT), ascorbic acid (AA),
macrophage, electron paramagnetic resonance (EPR), and surrogate lung fluids (SLF) (Landreman et al.,
2008;Charrier and Anastasio, 2012;Kalyanaraman et al., 2012;Charrier et al., 2014;Charrier and Anastasio,
2015;Fang et al., 2016;Tong et al., 2018;Bates et al., 2019;Fang et al., 2019;Molina et al., 2020;Crobeddu
et al., 2020). However, the interplay of different PM constituents often results in non-additive
characteristics of the RS yields or oxidative potential of PM (Charrier et al., 2014;Lakey et al., 2016;Wang
et al., 2018b). Thus, unraveling the adverse health effects of ambient PM requires systematic investigations
of the RS formation and chemical reactivity of PM from different sources and environments (Shiraiwa et
al., 2017).

The concentration of PM; 5 and the composition of airborne organic matter vary considerably from clean
forest to polluted urban environments. For example, the PM» 5 concentrations at the Hyytidld forest site are
typically below 10 ug m, with organic matter accounting for ~70% (Laakso et al., 2003;Maenhaut et al.,
2011), whereas the PM> 5 concentrations in Beijing during winter can reach and exceed daily average values
of 150 ug m, with organic matter accounting for ~40% (Huang et al., 2014). Moreover, anthropogenic
emissions can enhance the formation of biogenic SOA and HOM as well as the levels of particulate
transition metals, humic-like substances, and PM oxidative potential (Goldstein et al., 2009;Hoyle et al.,
2011;Liu et al., 2014;Xu et al., 2015;Ma et al., 2018;Pye et al., 2019;Shrivastava et al., 2019).

In this study, we compared the RS yields of PM» s in clean and polluted environments. We used three
approaches to explore the RS formation by PM 5 from remote forest of Hyytiéla (Finland), intermediately
polluted city of Mainz (Germany), and heavily polluted megacity of Beijing (China) (Figure 1). To quantify

4
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the abundances of redox-active PM constituents related to RS formation, we collected ambient PM; s and
measured the chemical composition of organic matter, the abundance of water-soluble transition metals,
and the yield of radicals and H>O; in the liquid phase (Figure 1a). To assess the influence of anthropogenic-
biogenic organic matter interactions on the RS formation by ambient PM, 5, we analyzed the radical yield
of SOA generated by oxidation of mixed anthropogenic and biogenic precursors in a laboratory chamber
(Figure 1b). To get insights into the radical formation mechanism of ambient PM»s in water, we
differentiated the influence of transition metals, organic hydroperoxide (ROOH), water-soluble humic acid
(HA) and fulvic acid (FA) on the radical formation by Fenton-like reactions (Figure 1c).

2 Materials and methods

2.1 Chemicals

The following chemicals were used as received without further purification: B-pinene (99%, Sigma-
Aldrich), naphthalene (99.6%, Alfa Aesar GmbH&Co KG), cumene hydroperoxide (80%, Sigma-Aldrich),
H>O, (30%, Sigma-Aldrich), FeSO47H,O (F7002, Sigma-Aldrich), CuSO45H,O (209198, Sigma-
Aldrich), NiCl, (98%, Sigma-Aldrich), MnCl, (>99%, Sigma-Aldrich), VCl, (85%, Sigma-Aldrich), NaCl
(443824T, VWR International GmbH), KH,PO4 (>99%, Alfa Aesar GmbH&Co KG), Na,HPO4 (>99.999%,
Fluka), humic acid (53680, Sigma-Aldrich), fulvic acid (AG-CN2-0135-M005, Adipogen), 5-tert-
Butoxycarbonyl-5-methyl-1-pyrroline-N-oxide (BMPO, high purity, Enzo Life Sciences, Inc.), H,O» assay
kit (MAK165, Sigma-Aldrich), ultra-pure water (14211-1L-F, Sigma-Aldrich), 47 mm diameter Teflon
filters JVWP04700, Omnipore membrane filter), and micropipettes (50 pL, Brand GmbH&Co KG). The
used neutral saline (pH=7.4) consists of 10 mM phosphate buffer (2.2 mM KH>PO,4 and 7.8 mM Na,HPOy)
and 114 mM NaCl, which was used to simulate physiologically relevant condition.

2.2 Collection and extraction of ambient fine PM

Ambient fine particles were collected onto Teflon filters for all sites. The Hyytidld PM,s was collected
using a three-stage cascade impactor (Dekati® PM10) at the Station for Measuring Forest Ecosystem-

Atmosphere Relations station (SMEAR II station, Finland) during 31 May-19 July 2017 (Hari and Kulmala,
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2005). The Mainz fine PM was collected using a micro-orifice uniform deposit impactor (MOUDI, 122-R,
MSP Corporation) (Arangio et al., 2016) on the roof of Max Planck Institute for Chemistry during 22
August-17 November 2017 and 23-31 August 2018. The Beijing winter PM> s was collected using a 4-
channel PM; s air sampler (TH-16, Wuhan Tianhong Instruments Co., Ltd.) in the campus of the Peking
University, an urban site of Beijing, during 20 December-13 January 2016 and 6 November-17 January
2018 (Lin et al., 2015). The sampling time for a single filter sample in Hyytidl4, Mainz, and Beijing are 48-
72,25-54, and 5-24 h, respectively, depending on the local PM concentrations. More information about the
sampling sites and instrumentation is shown in Table S1. After sampling, all filter samples were put in petri
dishes and stored in a -80 °C freezer before analysis. To determine the mass of collected PM, each filter
was weighed before and after the collection using a high sensitivity balance (£10 ug, Mettler Toledo
XSE105DU). In Hyytiédld, the PM; and PM,,s5 were separately sampled, which were combined and
extracted together to represent PM» s samples. Mainz PM with cut-size range of 0.056-1.8 pm is taken as a
proxy for PM»s. Particle concentrations in aqueous extracts were estimated to be in the range of 200-6000
ug mL"! (Figure S1).

2.3 Formation, collection, and extraction of laboratory-generated SOA

To generate SOA from mixed anthropogenic and biogenic precursors, different concentrations of gas-phase
naphthalene and B-pinene were mixed and oxidized in a potential aerosol mass (PAM) chamber, i.e., an
oxidation flow reactor (OFR) (Kang et al., 2007;Tong et al., 2018). Naphthalene and -pinene were used
as representative SOA precursors in Beijing and Hyytiild, respectively (Hakola et al., 2012;Huang et al.,
2019). The concentrations of gas-phase Oz and *OH in the PAM chamber were ~1 ppm and ~5.0x10'" cm
3, respectively. SOA was produced by adjusting the relative concentrations of naphthalene to the sum of it
with B-pinene (i.e., [naphthalene]/([ naphthalene] + [B-pinene])) to be ~9%, ~23%, and ~38%, respectively.
The concentrations of naphthalene and -pinene were 0.2-0.6 ppm and 1.0-2.5 ppm, respectively, which
were determined on the basis of a calibration function measured by gas chromatography mass spectrometry

(Tong et al., 2018). To investigate the influece of ozone/B-pinene ratios on redox property of SOA, we
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measured the aqueous phase radical yields of SOA particles formed from oxidation of ~1 ppm and ~2.5
ppm B-pinene with the same concentration of ozone. With a similar purpose, we measured the radial yields
of SOA formed from oxidation of ~0.2 ppm and ~0.6 ppm naphthalene by the same concenteation of gas-
phase OH radical. The mean radical yields of B-pinene and naphthalene SOA formed at different
concentrations of precursors are compared in Sect. 3.4. The number and size distributions of SOA particles
were meaured using a scanning mobility particle sizer (SMPS, GRIMM Aerosol Technik GmbH&Co. KG).
When the SOA concentration is stable, 47 mm diameter Teflon filters (JVWP04700, Omnipore membrane
filter) were used to collect SOA particles, which were extracted into water solutions within 2 minutes after
the sampling. More information about the SOA formation, characterization, collection, and extraction can
be found in previous studies (Tong et al., 2016a;Tong et al., 2017;Tong et al., 2018;Tong et al., 2019).

2.4 Surrogate mixtures

Considering that cumene hydroperoxide (CHP), humic acid (HA), and fulvic acid (FA) have been used as
model compounds mimicking the redox-active substances in biogenic and anthropogenic PM (Lin and Yu,
2011;Macetal., 2018;Tong et al., 2019), we measured the relative fractions (RF) of different radicals formed
by surrogate mixtures of CHP+Fe?*+Cu**+HA+HO, to simulate the radical formation by fine PM from
Hyytiéld, Mainz, and Beijing. The H>O, was treated as a redox-active constituent preexisting in PM samples
before extraction. The following method was used to make HA or FA solutions. First, 0-1000 ug mL"' HA
or FA water suspensions were made. Then, the suspensions were sonicated for 3 minutes to accelerate the
dissolution of HA or FA. Afterwards, the sonicated suspensions were centrifuged at 6000 rpm (MiniStar,
VWR International bvba) for 2 minutes. Finally, the supernatants were taken out from the centrifuge tubes
with pipettes and stored in glass vials under 4-8 °C condition before analysis. The HA or FA solutions were
prepared freshly day-to-day. To determine the concentrations of dissolved HA or FA, aliquots of the
supernatants were dried with pure N, flow (1-2 bar) and weighted with a high sensitivity balance (+ 0.01
mg, Mettler Toledo XSE105DU). The concentrations of Fe?*, Cu?*, HA, and H,O» in the surrogate mixtures
are 43 uM, 3 uM, 4 mg L', and 7 uM, which are based on the measurement of ambient PM extracts (Fe**

and Cu?*, Section 2.8) or the estimated abundance in ambient PM (CHP, HA, FA, and H,O», SI). To explore
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the influence of HA/FA on Fenton-like reactions, the radical formation in the following aqueous mixtures
was also analyzed: CHP+Fe?*, CHP+Cu?**, CHP+Cu?*+HA, CHP+Cu*+FA. The concentrations of Fe?*,
Cu?, HA, FA, and H,0: in these solutions are 15-300 uM, 15-300 uM, 0-180 pg mL"!,0-180 pg mL"!, O-
300 uM, respectively.

2.5 Quantification of radicals by EPR

5-tert-Butoxycarbonyl-5-methyl-1-pyrroline-N-oxide (BMPO) was used as a spin-trapping agent for
detecting different types of radicals formed in the extracts of PM. Ambient PM or laboratory-generated
SOA were extracted from Teflon filters into 10 mM BMPO neutral saline or water solutions by vortex
shaking for ~15 minutes (with Heidolph Reax 1). Around one fourth of each ambient PM filter or a whole
SOA-loaded filter was used for extraction. It was assumed that during the extraction process, most of the
short-lived radicals have reacted with BMPO to form stable adducts.

A continuous-wave electron paramagnetic resonance (CW-EPR) X-band spectrometer (EMXplus-10/12;
Bruker Corporation) was applied for the identification and quantification of radical adducts (Tong et al.,
2016a;Tong et al., 2017;Tong et al., 2018;Tong et al., 2019). In order to increase the signal to noise ratio
of EPR spectra, some of the extracts were concentrated by a factor of 5 - 20 through 15 - 20 minutes drying
under 1-2 bar pure N, flow. The EPR spectra of BMPO-radical adducts were recorded by setting the
following operating parameters: a microwave frequency of 9.84 GHz, a microwave power of 0.017 mW
(20 dB), a receiver gain of 40 dB, a modulation amplitude of 1 G, a scan number of 50, a sweep width of
100 G, a modulation frequency of 100 kHz, a conversion time of 11 ms, and a time constant of 10 ms.

To average EPR spectra of different PM» s extracts for each site, the magnetic field values of each
spectrum was transformed to g-values. Then we used the Bruker software, Xenon to do the averaging,
irrespective of the concentrations of PM, s in extracts. The spin-counting method embedded in Xenon was
applied to quantify radical adducts. The spin-counting method was calibrated using the standard compound
4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPOL). To obtain the relative yields of *OH, O,*, C-

and O-centered organic radicals, EPR spectra were simulated and fitted using the Xenon software before
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deconvolution (Arangio et al., 2016;Tong et al., 2018). The weight of assigned species accounts on average
for more than 95% of totally observed radical adducts, which is characterized by the peak area ratios of
corresponding species. EPR spectra with low signal-to-noise ratio introduce uncertainty into the parameters
describing the lineshape of peaks representing radical adducts (Tseitlin et al., 2012), causing a total
quantification uncertainty of 0-19% for the weight and total concentrations of different radical species. The
hyperfine coupling constants used for spectrum fitting are shown in Table S2. More information on the
hyperfine coupling constants of different types of BMPO radical adducts can be found in previous studies
(Zhao et al., 2001;Arangio et al., 2016).

2.6 Measurement of H20: yields

We extracted ambient PM» s from one fourth of each Teflon filter into 1 mL ultra-pure water or neutral
saline by stirring it with a vortex shaker for ~15 minutes. Afterwards, the extracts were centrifuged at 9000
rpm (Eppendorf Minispin) for 3 minutes to remove the insoluble particles. Finally, the concentration of
H,0O: in the supernatant was measured using the MAK165 assay kit (Yan et al., 2017;Tong et al., 2018). 50
uL of supernatant and 50 puL of a Master Mix solution containing horseradish peroxidase and Amplex Red
substrate were mixed in a 96-well plate. The horseradish peroxidase catalyzed the oxidation of Amplex Red
by H»O» to form fluorescent resorufin (Wang et al., 2017), which was consequently quantified using a
microplate reader (Synergy™ NEO, BioTek, excitation at 540 nm and emission at 590 nm) after 30 minutes
of incubation. The concentration of H>O, in aqueous PM extracts was determined using an H,O; calibration
curve based on standard H»O, solutions and also corrected by blank measurements (Tong et al., 2018).
2.7 Mass spectrometry of organic compounds

By using a Q-Exactive Orbitrap mass spectrometer (Thermo Fisher Scientific, MA, USA) coupled with an
ultra-high performance liquid chromatography (UHPLC) system (Dionex UltiMate 3000, Thermo
Scientific, Germany) (Wang et al., 2018a;Wang et al., 2019;Tong et al., 2019), we characterized the HOMs
and aromatic compounds in Hyytidld, Mainz, and Beijing winter fine PM samples in negative ionization

mode. We processed the MS spectrum and UHPLC chromatogram of measured samples through a non-
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target screening approach by using the commercially available software SIEVE® (Thermo Fisher Scientific,
MA, USA). Then, we blank-corrected the signals with peak intensity > 1x10°. Afterwards, we used the
following criteria to assign molecular formulae and filter out the irrational ones: (a) the number of atoms
of C, H, O, N, S, and Cl should be in the range of 1-39, 1-72, 0-20, 0-7, 0-4, and 0-2. (b) Atomic ratios of
H/C, O/C, N/C, S/C, and CI/C should be in the range of 0.3-3, 0-3, 0-1.3, 0-0.8, and 0-0.8, respectively.
The HOMs are defined as formulae fell into the following chemical composition range of CiH,O.:
monomers with x = 8-10, y = 12-16, z= 6-12, and z/x > 0.7; dimers with x = 17-20, y =26-32 and z = 8—
18 (Ehn et al., 2014;Trostl et al., 2016;Tong et al., 2019). Aromatics in this study are defined to be
compounds with aromaticity index (AI) > 0.5 and aromaticity equivalent (X.) > 2.5, with the parameters
accounting for the fraction of oxygen and sulfur atoms involved in ©-bond structures of a compound to be
set as 1 (Koch and Dittmar, 2006;Yassine et al., 2014;Tong et al., 2016b). Beyond this, The relative
abundance of HOMs or aromatic compounds is defined to be the sum chromatographic area of HOMs or
aromatics divided by the sum chromatographic area of all assigned organic compounds, with < 30% of
totally detected organic compounds not assigned (Wang et al., 2018a).
2.8 Determination of water-soluble transition metal concentrations
Based on the same extraction method as the H,O, analysis in section 2.6, the concentration of five selected
water-soluble transition metal species (Fe, Cu, Mn, Ni and V) in the supernatants of PM,s extracts was
quantified using an inductively coupled plasma mass spectrometer (ICP-MS, Agilent 7900). These five
transition metal species were chosen for analysis due to their prominent concentrations and higher oxidative
potential (Charrier and Anastasio, 2012). A calibration curve for the ICP-MS analysis was made by
measuring standard multi-element stock solutions (Custom Grade, Inorganic Ventures). An aliquot of the
supernatants was diluted and acidified using a mixture of nitric acid (5%) and hydrofluoric acid (1%), which
was finalized to be 5 mL before analysis. The measured transition metal concentrations were blank-
corrected and shown in corresponding figures. The detection limit of the ICP-MS analysis in this study was
typically <40 ng L''. The PM, s samples collected on 2 June, 7 June, 9 June, 12 June in 2017 in Hyytil4,

on 22 August, 26 August, 28 August, 25 September, 25 October, 14 November in 2017 in Mainz, and all
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the 12 PM» s samples from Beijing winter were used for transition metal analysis. Temporal evolution of
water-soluble transition metal concentrations in water extracts of Mainz PM; s were also measured, and we
found that the total ion concentration of Fe, Cu, Mn, Ni, and V showed a rapid rise during the first 15 min
(Figure S2a), but at a much slower rate afterwards (Figure S2b).

3 Results and discussion

3.1 Relative yields of different types of radicals from ambient PM2.s

Figure 2a shows the averaged EPR spectra of BMPO-radical adducts in neutral saline extracts of PMx s
samples from Hyytidld, Mainz (cut-size range 0.056-1.8 um PM as a proxy), and Beijing. Each spectrum
is composed of multiple peaks attributable to different types of BMPO-radical adducts. The dotted vertical
lines with different colors indicate the peaks attributable to adducts of BMPO with *OH (green), O3~
(orange), C- (blue) and O-centered organic radicals (purple) (Zhao et al., 2001;Arangio et al., 2016),
respectively. The spectrum of Hyytidld PM, s is dominated by peaks attributable to C-centered radicals. In
contrast, the spectrum of Mainz PM» s comprises strong peaks attributable to *OH and C-centered radicals,
with *OH exhibiting stronger signals. Finally, the spectrum of Beijing winter PM> 5 is mainly composed of
four peaks attributable to *OH.

Figure 2b shows the averaged relative fractions (RF) of *OH, O,*, C- and O-centered organic radicals
generated by multiple PM samples from each site. In line with visual inspection of the spectra in Figure 2a,
the PM, s from clean forest site generates relatively more C- and O-centered organic radicals but less *OH,
vice versa for the radical yield by PM, s from polluted areas. Specifically, the mean RF of C- and O-centered
organic radicals, ordered from highest to lowest are: Hyytidld (66% and 11%) > Mainz (46% and 10%) >
Beijing (39% and 5%). Note that, the significantly higher RF of C-centered radicals than O-centered organic
radicals may be induced by the higher yield and stability of BMPO-C-centered radical adduct in the liquid
phase (De Araujo et al., 2006). Moreover, the C- and O-centered organic radicals may comprise a series of
radicals with different molecular structures, the yields of which are associated with aqueous redox

chemistry of organic matter such as Fenton-like reactions (Arangio et al., 2016;Tong et al., 2018;Tong et
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al., 2019). The mean RF of *OH, ordered from lowest to highest are: 21% (Hyytidld) < 38% (Mainz) < 53%
(Beijing). The presence of *OH is related to multiple formation pathways, such as Fenton-like reactions,
thermal or hydrolytic decomposition of peroxide-containing HOMSs, and redox chemistry of
environmentally persistent free radicals or aromatic compounds-containing humic-like substances
(Chevallier et al., 2004;Valavanidis et al., 2005;Li et al., 2008;Page et al., 2012;Gehling et al., 2014;Tong
et al., 2016a;Tong et al., 2017;Tong et al., 2018;Tong et al., 2019;Qiu et al., 2020). The mean RF of O,*
only varies slightly in the range of 2-6%, showing no clear trend and within the range of standard errors in
Figure 2b.

3.2 Mass-specific and air sample volume-specific yields of RS from ambient PM2.s

Figure 3 shows the mass-specific and air sample volume-specific yields of reactive species (RS) including
radicals, H>O,, and the sum of radicals and H,O, by PM, s from Hyytidld, Mainz, and Beijing. The mass-
specific yields of RS are shown in the unit of pmol pg' of PM, s, reflecting the redox activities of PM s
irrespective of filter loadings. The air sample volume-specific yields of RS are shown in the unit of pmol
m™ of air, indicating that the redox activities of PM, s scale with atmospheric concentration of PM,s. We
note that, while the more polluted sampling sites led to higher mass loadings, the concentrations of PM in
extracts were found to have a tiny impact on the radical yields (Figure S1c and S1d).

Figure 3a shows that the mass-specific radical yields are negatively correlated with PM»s mass
concentrations. The mean concentrations of PM» s are lower to higher in the order of 5 (Hyytidld) < 16
(Mainz) < 202 pg m (Beijing), whereas the radical yields are in a reverse order of 0.58 > 0.33 > 0.07 pmol
ug!. The higher mass-specific radical yield of PM,s from Hyytidld may be associated with the higher
abundance of particulate organic matter, which includes quinones and organic hydroperoxides that undergo
thermal, photonic, or hydrolytical dissociation as well as redox chemistry such as Fenton-like reactions to
produce radicals (Badali et al., 2015;Tong et al., 2016a;Tong et al., 2019). More than 70% of PM,s in
Hyytidld forest is composed of organic matter (Jimenez et al., 2009;Maenhaut et al., 2011), whereas the

abundances of organic matter in Mainz autumn and Beijing winter PM>s are ~40% (Jimenez et al.,
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2009;Huang et al., 2014), which might in part explain the lower radical yield of these samples. Figure 3a
also shows that the mass-specific H>O, yields of PM, s from Hyytiéld (~2.2 pmol ug™'), Mainz (~3.4 pmol
ugh), and Beijing (~3.4 pmol ug') exhibit a weak positive correlation with PM, s mass concentrations,
agreeing with previous measurements of the H,O» formation by fine PM from different districts of Los
Angeles (Arellanes et al., 2006;Wang et al., 2012) (Figure S4a). The higher H,O» yield of urban fine PM
may be associated with its higher abundance of transition metals and aromatic-containing organic matter
(e.g., quinones and humic-like substances), which have been found as redox-active constituents to produce
H»0, upon dissolution of ambient PM or laboratory-generated SOA in water (Arellanes et al., 2006;Chung
et al., 2006;Wang et al., 2010;Wang et al., 2012). The weak correlation of mass-specific H,O, yields and
PM, 5 concentrations reflects the varying redox activity of PM, s from different regions, which is driven by
the PM source-dependent composition, abundance, and chemistry of redox active substances (e.g.,
transition metals and organic matter).

Figures 3b and S4b show that the air sample volume-specific yields of total RS (H,O»+radicals) increase
as PM» 5 concentrations increase, reflecting a higher RS formation in per cubic meter of polluted urban air.
Specifically, the relative air sample volume-specific yields of H.O, (i.e., [H20.]/([H2O,]+[radicals])),
ordered from lowest to highest are: 78% (Hyytiédld) > 91% (Mainz) > 97% (Beijing), whereas the relative
air sample volume-specific radical yields (i.e., [radicals]/([H.O]+[radicals])) are in the reverse order of
22% > 9% > 3%. The relatively stable H,O» becomes increasingly important for the reactivity of ambient
PM, 5 compared to the more reactive radicals when transitioning from clean to polluted conditions. Due to
its stability, H>O» has been found previously to dominate the concentrations of RS formed by PM, s in liquid
phase with the presence of antioxidants but absence of spin traps (Lakey et al., 2016;Tong et al., 2018).
This study shows a time integral concentration rather than the RS concentration taking into account the
different lifetimes and evolution pathways of radicals and H,O,. H,O, still constitutes the biggest fraction
of RS detected. Of note, the EPR method may not detect all radicals produced but rather a fraction that is
trapped with BMPO before undergoing other radical termination reactions. It is also notable that we
measured the RS yields of PM from three different areas. Further measurements of PM from more locations
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may shift the trend of the RS yields in Figure 3 by a certain degree, the extent of which warranty follow-up
studies.
3.3 Correlation of radical yield with chemical composition of ambient PMb.s
Figure 4 shows how the relative fractions (RF) of C-centered radicals and *OH in aqueous extracts of
ambient PM»s are correlated with the abundance of HOMs, aromatic compounds, and water-soluble
transition metals. Figure 4a shows that the relative abundance of HOMs exhibits a positive correlation with
the RF of C-centered radicals, whereas a negative correlation with the RF of *OH. The relative abundance
of HOMs, ordered from lowest to highest are: ~0.2% (Beijing) < ~6% (Mainz) < ~10% (Hyytidld) (Tong
et al., 2019), and the RF of C-centered radicals is in the same order of 39% < 46% < 66%, but the RF of
*OH are in the reverse order of 53% > 38% > 21%. The higher RF of C-centered radicals formed by PM s
from less-polluted air is in the same trend as the total mass-specific radical yield of PM, s from these sites
(Figure 3a), confirming previous results that peroxide-containing HOMs may play an important role in
organic radical formation (Tong et al., 2016a;Tong et al., 2019).

In contrast to HOMs, the relative abundance of aromatic compounds in PM; 5 is higher in polluted urban
air compared to clean forest: ~0.2% (Hyytidld) < ~2% (Mainz) < ~16% (Beijing) (Figure 4b), causing a
positive correlation with the RF of *OH, but a negative correlation with the RF of C-centered radicals. The
higher relative abundance of particulate aromatics in Beijing compared to Hyytidld can be attributed to the
stronger anthropogenic emissions (e.g., from traffic) at the polluted urban site (Jimenez et al., 2009;Zhang
and Tao, 2009;Elser et al., 2016;An et al., 2019). The chemistry of oxygenated aromatic-containing
substances, such as quinones and semiquinones, may enhance the conversion of other RS (e.g., O,*) into
*OH due to redox cycling and interaction with water (Chung et al., 2006;Khachatryan et al., 2011;Fan et
al., 2016).

Similar to the aromatics, the transition metal abundances exhibit a positive correlation with the RF of
*OH, but a negative correlation with the RF of C-centered radicals (Figure 4c). The abundance of water-

soluble transition metals in PM2s from different locations, ordered from lowest to highest are: 13.4
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(Hyytidld) < 19.6 (Mainz) < 27.8 (Beijing) pmol pg, and the RF of *OH is in the same order of 21% < 38%
< 53%, whereas the relative fraction of C-centered radicals is in the reverse order of 66% > 46% > 39%.
The consistently higher abundance of water-soluble transition metals and RF of *OH of urban PM» s may
reflect the importance of Fenton-like reactions in radical formation in polluted air, as H>O, and
hydroperoxides can be efficiently converted into *OH. Moreover, several studies have reported that metal-
organic interactions may alter the oxidative potential and RS yield of PM under atmospheric and
physiological conditions (Zuo and Hoigne, 1992;Singh and Gupta, 2016;Cheng et al., 2017;Wang et al.,
2018b;Wei et al., 2019;Lin and Yu, 2020). Thus, investigations on the radical chemistry of transition metals
strongly benefit from determination of organic aerosols to illuminate the mechanism of RS formation.
Finally, additional measurements of PM, s from more locations may shift the correlation of radical yields
and abundances of transition metals and organic matter by a certain degree, the extent of which also
warranty follow-up studies.

3.4 Radical yield of laboratory-generated SOA

To investigate the influence of biogenic-anthropogenic organic matter interaction on the formation of
aqueous radicals, we measured the radical yield of SOA generated from oxidation of mixed naphthalene
and B-pinene precursors. Figure 5a shows that the mass-specific radical yields of SOA decrease with
increasing relative concentrations of naphthalene (i.e., [naphthalene]/([naphthalene]+[B-pinene])). As the
relative concentration of naphthalene is increased from O to 9, 23, and 38%, the radical yields of SOA
decrease in the order of ~8.4 > ~3.0 > ~2.3 > ~1.9 pmol ug™. This is because the naphthalene SOA has a
lower radical yield than B-pinene SOA with the same mass concentration in water extracts (Tong et al.,
2016a;Tong et al., 2017;Tong et al., 2018;Tong et al., 2019). Moreover, the mass-specific radical yield of
B-pinene SOA in Figure 5a is the mean value of SOA from ~1 ppm and ~2.5 ppm of B-pinene (see Sect.
2.3). Therein the SOA from ~2.5 ppm B-pinene exhibits higher radical yield (11.5 pmol pug™) than the SOA
generated from ~1 ppm B-pinene (4.5 pmol pg™), which may be associated with the increasing partition of

oligomers into the particle phase with higher starting concentration of B-pinene (Kourtchev et al., 2016).
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Some oligomers contain peroxide functional groups accounting for a major fraction of HOMs (Krapf et al.,
2016). The radical yield of naphthalene SOA in Figure 5 is the average yields of SOA formed by the
oxidation of ~0.2 ppm and ~0.6 ppm naphthalene (see section 2.3), respectively. Therein the radical yield
of SOA from ~0.2 ppm naphthalene (1.1 pmol pg"') is slightly higher than the SOA from ~0.6 ppm
naphthalene (0.8 pmol pug™'), agreeing with the finding of enhanced oxidative potential of naphthalene SOA
formed under higher oxidant/naphthalene ratio condition (Wang et al., 2018b).

Figure 5b shows that B-pinene SOA mainly generates *OH (~86%), whereas the mixed precursor SOA
and naphthalene SOA mainly generate 05~ (60-77%) and C-centered radicals (18-34%), which is in line
with our previous findings (Tong et al., 2016a;Tong et al., 2018;Tong et al., 2019). The much lower RF of
*OH formed by mixed precursor SOA (< 10%) may mainly be due to its lower abundance of peroxide-
containing HOMs. It is notable that PM, s from polluted Beijing contains substantial amount of aromatics
(Figure 4b), but mainly generates *OH upon interaction with water, which seems to contradict our finding
that naphthalene SOA generates *OH only to a small extent. This may be related to the more complex
composition of the ambient PM compared to laboratory-generated SOA. For example, conversion of O,*
to *OH, H»O,, and O, by transition metals or other redox-active PM constituents through Haber-Weiss
reactions or other related redox chemistry (Kehrer, 2000;Tong et al., 2016a) is expected to occur in ambient
samples, but would not be observed in laboratory-generated SOA that does not contain significant fractions
of transition metals.

3.5 Radical yield of surrogate mixtures comprising transition metals, CHP, HA, FA and H20:
Figure 6a shows the concentration of radicals formed in aqueous mixtures comprising 0-25 uM cumene
hydroperoxide (CHP), 43 uM Fe**, 3 uM Cu?*, 4 ug mL! humic acid (HA) and 7 uM H>O,, with mixtures
containing 0, 5, and 25 uM CHP to be treated as surrogates of redox-active constituents in PM from Beijing,
Mainz, and Hyytiéld. As the concentration of CHP is increased from 0 to 25 uM, the total concentration of
detectable radicals increases from 0.4 to 2.8 uM, with the relative fractions (RF) of C-centered radicals

increase from 1% to 30%, whereas the RF of *OH and O-centered organic radicals decreases from 72% to
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60% and from ~23% to ~8% (Figure 6b), respectively. The higher RF of C-centered radicals but lower RF
of *OH formed at higher concentration of CHP resembles the radical yield of ambient fine PM from cleaner
areas (Figure 2b), which contains a large fraction of HOMs (Tong et al., 2019). Moreover, Figure S5 shows
that adding 75, 100, 150, 200, and 300 uM H,O, significantly and linearly (R?=0.95) elevates the *OH
concentration in aqueous mixtures comprising CHP, Fe?*, HA, and H>O,. Thus, the higher RF of *OH in
surrogate mixtures (Figure 6b) compared with ambient PM extracts (Figure 2b) may be due to the choice
of a slightly higher concentration of H>O: in the surrogate mixture (7 uM, see SI).

To compare the Fenton-like reactions initiated by different transition metal ions related to ambient PM; s,
we measured the absolute and relative racial yields of aqueous mixtures containing CHP and different
transition metal species, such as Fe**, Cu®*, Mn**, or Ni**. We found that Fe** is most efficient in initiating
Fenton-like reactions (Deguillaume et al., 2005) and the BMPO-radical adduct concentrations varied along
the reaction time (Figure S6). Of note, the abundance, chemical composition, and physicochemical
properties of the redox-active constituents in ambient PM (e.g., transition metals and organic matter) can
be different from the surrogate mixtures, causing partially different radical yields between surrogate
mixtures and ambient PM,s (e.g., less comparable RF of *OH than the RF of C-centered radicals), which
warrants follow-up studies. To simplify the discussion, we only show the radical yields as mean values
within ~25 minutes of extraction and measurement.

To assess the influence of humic acid on Fenton-like reactions, we measured the radical yields of
mixtures comprising 100 uM CHP, 300 uM Fe**, and 0-180 ug mL' HA. As the concentration of HA is
increased from 0 to 36 ug mL"!, the concentration of total formed radicals decreased by ~52% from 15.5 to
7.4 uM (Figure 6¢c). This may be associated with the following properties of HA. First, HA exhibits
pronounced iron binding capacity of 32 nmol Fe per milligram of HA, preferentially toward Fe** rather than
Fe?* (Laglera and van den Berg, 2009;Scheinhardt et al., 2013). Thus, HA may interfere in the redox cycling
of Fe** and Fe* * by chelating them. The lower concentration of free iron ions may prevent the formation

of radicals via Fenton-like reactions. Second, humic substances have been found to exhibit antioxidant
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properties (Aeschbacher et al., 2012), thus the HA used for Figure 6¢ may act as an RS scavenger, therefore
terminating radical processes and reducing the overall radical concentration. As the HA concentration is
increased further from 36 to 180 ug mL™!, the radical concentration is reduced slightly, by less than 20%.
This plateau of radical concentration is accompanied by an increasing RF of C-centered radicals (Figure
6d), indicating that HA may also be involved in more complex radical chemistry with O>*, *OH, or oxygen-
centered organic radicals enhancing carbon-centered radical formation (Shi et al., 2020). In fact, the RF of
C-centered radicals steeply increases from ~19% to ~94% as the HA concentration is increased from 0 to
180 ug mL"!, whereas the RF of O," and *OH decreases from ~59% and ~21% to ~3%. The higher RF of
C-centered radicals but lower RF of O,* and *OH at higher concentration of HA may be induced by the
reactions of HA with O,* and *OH. The RF of O-centered organic radicals does not exhibit a consistent
trend and varies within the range of 5-20%. Moreover, we found that the reaction between HA and CHP
(in the absence of Fe ions) produces only a negligible amount of radicals (not shown), which indicates that
HA may mainly influence the radical formation upon interaction with iron ions or radicals formed by
Fenton-like reactions, but does not form prominent amount of radicals by reactions with CHP or through
the decomposition of CHP at the applied concentrations.

Fulvic acid (FA) is another kind of typical atmospheric humic-like substances exerting metal chelating
activity (Graber and Rudich, 2006;Tang et al., 2014). Thus, we also measured the radical yields of the
mixtures comprising CHP, transition metals, and FA. As shown in Figure 6e, the concentration of radicals
formed by mixtures comprising 100 uM CHP, 300 uM Fe®*, and FA decreases by ~10% as the
concentration of FA is increased from 6 to 36 ug mL!. Therein the O," is the dominant radial species,
accounting for > 59% of totally formed radicals (Figure 6f). The O,* may be generated via multiple redox
reaction pathways such as oxidation of Fe** or decomposition of organic peroxy radicals (Chevallier et al.,
2004). Figure 6f also shows that RF of *OH, O,*, C- and O-centered organic radicals varies slightly, which
is different from the decreasing radical yield by Fenton-like reaction system containing HA (Figure 6c), but

agreeing with the lower capacity of FA (16.742.0 nmol mg™') than HA (32.0+2.2 nmol mg") in binding
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Fe(1Il) (Laglera and van den Berg, 2009). As the concentration of FA is increased further to 12 ug mL™!,
the observed radical concentration in aqueous mixtures of CHP+Fe**+FA decreases significantly to ~9.6
UM, which may mainly be associated with the formation of Fe-FA complexes and the radical scavenging
effect of FA as discussed for HA above (Wang et al., 1996;Scheinhardt et al., 2013;Yang et al., 2017).
During this process, the RF of C-centered radicals increases for 3-fold to be ~28%, indicating that FA may
also be oxidized by different types of oxidants to form C-centered radicals (Gonzalez et al., 2017), similar
to HA in Figure 6¢. As the concentration of FA is increased further to 180 ug mL, the concentration of
totally formed radicals decreases further to 7.6 uM, the RF of C-centered radicals increases further to ~36%,
whereas the RF of *OH and O-centered organic radicals decreases significantly to 4-5% and below the
detecting limit, respectively (Figure 6f). Moreover, the Figure S7 indicates that the RF of different radicals
formed by mixtures comprising CHP, Cu?* and FA exhibited a different trend from the mixtures of CHP,
Fe**, and FA, indicating that FA might influence the radical formation by Cu?* initiated Fenton-like
reactions in a efficiency different from the Fe?* initiated Fenton-like reactions.

4 Conclusions and implications

In this study, we found that PM, s levels exhibit a negative correlation with the mass-specific radical yields,
but a weak positive correlation with the H,O» yields. We also found that the mass-specific concentration of
transition metals and relative abundance of aromatic compounds are higher in the urban air than the remote
forest, in the order of Hyytidld < Mainz < Beijing. The relative fractions (RF) of *OH formed by different
source PM, 5 in water is in the same order as the relative abundances of transition metals and aromatics,
indicating that urban fine PM favors the formation of OH radicals upon redox chemistry of transition metals,
aromatics, or transition metal-aromatic interactions in water. The relative abundance of highly oxygenated
organic molecules (HOMs) exhibits a reverse trend compared to aromatics and transition metals, but is in
a positive correlation with the RF of C-centered radicals, confirming the strong association of HOMs with

organic radical formation by PM; 5 in water (Tong et al., 2019).
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We also measured the radical yield of laboratory-generated SOA from mixing the biogenic SOA
precursor B-pinene and the anthropogenic SOA precursor naphthalene. We found that the relative fractions
of naphthalene SOA of the totally formed SOA significantly influence the amount and types of radicals
formed by the mixed precursor SOA in water with *OH radicals dominating pure B-pinene SOA, Carbon-
centered radicals becoming increasingly dominant as the fraction of naphthalene increases. To get insights
into the Fenton-like reactions in aqueous extracts of ambient PM» s, we investigated the radical formation
by surrogate mixtures comprising cumene hydroperoxide, transition metals, water-soluble humic acid (HA)
or fulvic acid (FA), and H,O,. We found that HA and FA exhibit different radical scavenging and
antioxidant activity in suppressing the radical formation from Fenton-like reactions.

The synthetic application of ambient PM, s characterization, chamber simulation, and surrogate mixture
measurement in this study provides a novel approach to investigate the RS chemistry of atmospheric
particles. The direct analysis of ambient PM» s enables us to find and quantify the key component (e.g.,
HOMs, aromatics, or transition metals) of PM,s that may influence its reactivity. The investigation of
laboratory-generated SOA enables us to assess the influence of anthropogenic-biogenic organic component
interactions on the radical formation by ambient PM. The measurement of surrogate or aqueous mixtures
of model substances (transition metals, CHP, HA, FA, and H»0,) enables us to clarify the role of individual
redox active compound as well as their interplays in the radical chemistry of PM, including Fenton-like
reactions, transition metal-organic interactions, or subsequent chain reactions. Based on this systematic
analysis, we quantitatively compared the RS formation mechanism of particulate matter from air ranging
from clean to heavily polluted areas. The higher relative amount of detected radicals and H>O, formed by
urban PM> s can be seen as a measure of higher potential oxidative damage caused by air pollutants in the
epithelial lining fluid of the human respiratory tract. These newly achieved insights enable a better
understanding of the influence of biogenic and anthropogenic emissions on atmospheric chemistry, air
quality, and public health in the Anthropocene (Poschl and Shiraiwa, 2015;Cheng et al., 2016;Shiraiwa et
al., 2017). Finally, the composition and concentration of organic molecules have been found to influence

its role in transition metal-initiated radical chemistry. For instance, carboxylic acids enhance the oxidative
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potential of transition metals, whereas the imidazoles suppress it (Lin and Yu, 2020). Moreover, low
concentration of oxalate forms mono-complexes with Fe**, but high concentration of oxalate scavenges OH
radicals (Fang et al., 2020). Thus, the role of different humic-like substances component in Fenton-like
reactions and its impact on aerosol reactivity have not been fully addressed, which warrants follow up

studies.
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Figure 1. Schematic illustration of research approach and comparison of reactive species (RS) formed upon
interaction of water with ambient fine particulate matter (PM,s), with laboratory generated secondary
organic aerosols (SOA), and in surrogate mixtures. ROOH: organic hydroperoxide. HA: humic acid. FA:

fulvic acid. R* and RO*®: C- and O-centered organic radicals, respectively.
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886  Figure 2. (a) EPR spectra and (b) relative fractions (RF) of different types of radicals formed in aqueous
887  extracts of ambient PM,s from Hyytiéld, Mainz, and Beijing. Dotted vertical lines in (a) indicate peak
888  positions of different radical adducts. The spectra intensity in (a), RF values and error bars in (b) represent

889  arithmetic mean values and standard error (6-13 samples per location).
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observed upon water interaction of fine PM,s from Hyytiild, Mainz, and Beijing plotted against PM> s
concentration. The error bars represent standard errors of the mean (4-12 samples per location). The dotted
line and pie charts are to guide the eye, reflecting the increase of total air sample volume-specific RS yield

(not to scale) and the relative contributions of H,O, and radicals.
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soluble transition metals in ambient PM,s with relative fractions (RF) of R* and *OH observed upon
interaction with water. The relative abundances of HOMs and aromatics in (a-b) represent the sum
chromatographic area of HOMs or aromatics divided by the sum chromatographic area of all assigned
organic compounds. The abundances of HOMs in (a) were adopted from a recent companion study (Tong
etal., 2019). The error bars represent standard errors of the mean (4 to 12 samples per location). The dashed

lines are to guide the eye.
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Influence of PM s extract concentration on the radical yield.
To assess the influence of the PM, s extract concentrations on our results, we compared the mass-specific
radical yields by different concentration of Beijing PM, s extracts. We found the yield difference is on
average for 37% among all extract samples. However, we did not see clear trend from low to high
concentration of PM» 5 extracts. Then we showed the PM» 5 extract concentrations of each sample as well
as the radical yields by different concentration of PM» 5 extracts in Figure S1. Figures Sla-1c indicate that
PM, 5 extract concentrations of Hyytiéld and Mainz samples have narrower range distribution than Beijing
samples. Figure S1d and 1e showed that radical yields by 500 ug mL™! fine PM, s overlapped the yields by
250-6400 pg mL™' PM. Thus, the concentration of the PM, s extracts has small impact on our results about
RS yields. To evaluate the influence of PM, s extract concentrations on the relative yields of different
radicals, we measured the relative yields of different radicals by Beijing PM» s (n=3) in 250, 500, and 1000
ug mL! PM, s extracts. We found the relative yields of *OH, O,", C- and O-centered organic radicals have
standard deviations of ~10%, ~9%, ~2%, and ~2%, respectively.
Estimation of the abundance of organic hydroperoxides and humic-like substances in PM; s
Based on the compiled abundance of humic-like substances in PM» s (Table S3), we obtained an averaged
value of 7%, and we assumed that 15% of these PM s-bound humic-like substances are extractable humic
acid-like substances (Katsumi et al., 2019). Given that the concentration of PM» 5 in aqueous extracts in this
study ranged from 250 to 6500 ug mL™!, thus the estimated concentration of humic acid-like substances
typically ranged from 3 to 70 ug mL!. We assumed that 75% of the PM»s-bound humic-like substances
are attributable to humic acid-like substances, thus the estimated concentration of extractable fulvic acid-
like substances typically ranged from 15 to 350 ug mL'. To simulate the RS formation by Mainz and
Beijing PM>s, we used 4 pg mL™! humic acid standard. To investigate the influence of humic-like
substances on the RS formation by Fenton-like reactions, we used 6-180 pg mL" humic or fulvic acid for
surrogate mixture measurements.

To estimate the abundance of organic hydroperoxide in ambient PM,s, we assumed that the mass

fractions of SOA in Hyytiild, Mainz, and Beijing PM, s were 60%, 25%, and 15%, respectively (Jimenez
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et al., 2009). We also assumed that 2%, 2%, and 1% of Hyytidld, Mainz, and Beijing SOA mass are
attributable to organic hydroperoxides (Tong et al., 2018), which was assumed to have an averaged
molecular weight of 300 g moL! (Docherty et al., 2005). In this case, the estimated concentration of organic
hydroperoxides in the PM 5 extracts in this study was 5-35 uM. To simulate the RS formation by Hyytiil4,
Mainz, and Beijing fine PM» 5, we used 50, 25, and O uM cumene hydroperoxide (CHP), respectively. To
investigate the RS yield of Fenton-like reactions, we used 50-100 uM CHP.

H,0; yield of PM from other sources

The air sample volume-specific and mass-specific H,O» yields as well as total RS yields of fine PM from
other sites that different from Hyytidld, Mainz, and Beijing are shown in Figure S4 and Table S5. Therein
the H,O, yields were measured using p-hydroxyphenylacetic acid (PHOPAA) as probe, and the total RS
yields were measured using dichlorofluorescin (DCFH) assay as probe (Lazrus et al., 1985;Wang and
Joseph, 1999;Kalyanaraman et al., 2012). Figure S4a shows that the air sample volume-specific H>O- yields
of fine PM from CRC-AES and different districts of UCLA exhibit a positive correlation with the
concentration of PM» s (R?=0.60). In contrast, the mass-specific H>O, yields exhibit no correlation with the
PM., 5 concentration (R?>=0.02, Figure S4b). Moreover, the DCFH-based total RS yields were overall higher
than the H,O» (Table S5), agreeing with this study.

Influence of H,O: on the radical yield of Fenton-like reactions

We investigated the influence of H>O» concentration on the radical yield of Fenton-like reactions initiated
by mixtures comprising 100 uM CHP, 300 uM Fe?*, 11 ug mL' HA, and 79 ug mL"! FA. Figure S5a shows
that as the concentration of H>O; is increased from O to 300 uM, the concentration of total radicals increase
from ~8.0 to ~18.4 uM, with the RF of *OH and O-centered organic radicals increase from ~18 to ~69%
and from ~7 to ~26% (Figure S5b), confirming the enhanced radical formation through Fenton-like
reactions (Gligorovski et al., 2015). In contrast, the RF of C-centered radicals and O,* decrease from ~25
to ~2% and from ~51 to ~3%, reflecting a plausible conversion of C-centered radicals to O-centered organic

radicals via oxidation pathways (Chevallier et al., 2004;Tong et al., 2016). Thus, H>O- can significantly
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influence the total and relative yields of different types of radicals by Fenton-like reactions, and humic-like
substances may co-mediate the radical formation.

Influence of HA and FA on the radical yields of Fenton-like reactions initiated by Cu**

Figure S7a shows that the concentration of radicals formed by Cu** and cumene hydroperoxide (CHP)
mixtures exhibited a positive correlation with the concentration of Cu?*. However, the Cu?* played a less
effective role than Fe?* in initiating Fenton-like reactions via radical formation pathways, with 300 uM Cu?*
and 50 uM CHP produced ~1.8 pM radicals.

Figure S7b shows that as the concentration of Cu?* increased from 15 to 75 uM, the RF of *OH and O,™
decreased from ~44% to ~18% and from ~1.6% to ~0.1%. However, the RF of C- and O-centered organic
radicals increased from~39% to ~61% and from ~15% to ~21%, respectively. As the concentration of Cu**
is increased further to 150 and 300 uM, the RF of *OH, O,*, C- and O-centered organic radicals varied
slightly, reflecting a low reactivity of Cu®* with CHP.

Figure S7¢ shows that concentration of radicals formed by reactions of 100 uM CHP with 300 uM Cu?*
and HA decreased from ~2.3 to ~1.8 uM as the increasing of HA concentration from 0 to 180 ug mL!. This
might mainly be associated with the low catalytic effect of Cu®* in initiating Fenton-like reactions (Figure
S5a). Beyond this, humic-like substances have been found to exhibit strong copper-binding ability (Kogut
and Voelker, 2001), and 8-fold more Cu** than Fe** ions from Melpitz (Germany) PM were expected to be
complexed by humic-like substances (Scheinhardt et al., 2013). We thus inferred that the Cu-HA complex
might significantly influence the reactivity of Cu?* in Fenton-like reactions. Finally, partial of the radical
yield decay in Figure S7a might be caused by the antioxidant effect of HA (Aeschbacher et al., 2012).
Figure S7d shows that as the concentration of HA increased from 6 to 180 pg mL"!, the RF of *OH and O-
centered organic radicals increased from ~17 to ~44% and from ~16 to ~28%, respectively. The RF

variation of *OH, C- and O-centered organic radicals in Figure S7d had a different trend from the results in

Figure 6d, reflecting different impacts of HA on Cu and Fe initiated Fenton-like reactions. Compared to the
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increasing RF of *OH and O-centered organic radicals, the RF of C-centered radicals decreased from ~66
to ~28%, and the RF of O, only varied slightly between 0.8 and 1.5%.

Figure S7e shows that the radical yields of the mixtures consisting of 100 uM CHP, 300 uM Cu?**, and
FA only varied from ~0.9 to ~0.4 uM as the increasing FA concentration from 6 to 180 ug mL™!, which
may mainly be associated with the low catalytic effect of Cu?* as well as the formation of Cu-FA complexes.
Figure S7f indicates that as the concentration of FA increased from 0 to 180 pg mL"!, the RF of C-centered
radicals steeply increased from ~57 to ~89%, whereas the RF of O-centered organic radicals and *OH

exhibited overall decrease from ~25% and ~16% to ~3%.



89  Table S1. Sampling information.

City Location Sampler 13? mi?})e f;lltp(llllr)lf Sampling period nsuarilnlf::l:s
- 61.51°N, Dekati® PM10
Hyytidld " 708  impactor (Finland) 30 48-72 31 May-19 July 2017 11
. 49.99°N, MOUDI (MSP 22 Aug.-17 Nov. 2017
Mainz 8.23°E  corporation, USA) 30 24-54 23-31 Aug. 2018 1
631 PM, 5 sampler (TH- 20 Dec. 22(())1176-13 Jan.
Beijing “aons 16, Tianhong 30 5-24 20
39.99°N . 6 Nov. 2017-17 Jan.
company, China) 2018

90  ®The sampling time is for one filter

91 ® MOUDI: Micro-Orifice Uniform Deposition Impactor (122R)



92  Table S2. The range of hyperfine coupling constants that used to fit the BMPO adducts.

Hyperfine coupling constant (G)

Spin adduct
aN af] az
BMPO-OH1 12-16 11-12 0.5-0.9
BMPO-OH2 14-15 13-14  0.6-0.7
BMPO-OOH1 13-14 8-10 —
BMPO-OOH2 13-14 11-13 —
BMPO-C-centered radicals 14-16 21-23 —
BMPO-O-centered organic radicals  14-16 17-18 —
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94  Table S3. Compiled abundance of humic-like substances in ambient PM; s.

PM2s

humic-like

humic-like

Location Time/event (ng m) substances  substances Reference

(ug m>) /PMa2.5 (%)
Lanzhou Winter 120.47 7.24 6.0 (Tan et al., 2016)
Lanzhou Summer 34.12 2.15 6.3 (Tan et al., 2016)
Lanzhou Annual 77.29 4.7 6.1 (Tan et al., 2016)
Lanzhou Haze 182.08 10.06 5.5 (Tan et al., 2016)
Lanzhou No-haze 51.65 349 6.8 (Tan et al., 2016)
Lanzhou Snow 80.69 4.62 5.7 (Tan et al., 2016)
PRD? Annual 2007-2008 49 49 10.0 (Lin et al., 2010)
Guangzhou  Annual 2009 56 4.8 8.6 (Kuang et al., 2015)
Beijing Winter 2011 108 8.9 8.2 (Lang et al., 2017)
Beijing Summer 98 5.5 5.9 (Liet al., 2019)
Beijing Autumn 58 5.6 9.4 (Lietal., 2019)
Beijing Winter 150 12.3 7.9 (Lietal., 2019)
Beijing Spring 120 6.5 4.8 (Lietal., 2019)
Average 91.2 6.2 7.0

95 PRD: Pearl River Delta Region in China
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Table S4. The yields of different types of radicals and concentrations of different water-soluble

transition metal species in PM, s extracts.

Radicals (pmol m™)

Water-soluble transition metals (pmol m™)

LOCEItiOl’l ‘OH C- O- 02" Fe Mn Cu Vv Ni
centered centered
organic
Hyytidla 04+02 22+14 0.1% 0.02 £ 260+£160 49+48 3112 25+ 0.04 £
0.1 0.01 1.7 0.01
Mainz 21+13 1.8+£0.7 02+2 0.1z 269.0 £ 28.0 + 55.0+ 29408 1.2+
0.1 113.0 12.0 17.0 0.4
Beijing 3626 25+1.7 03+ 02+ (3300.0 £ 640.0 £ 452.0 = 23.0 51.0+
0.2 0.3 2300.0) 531.0 385.0 23.0 25.0
Radicals (pmol ug') Water-soluble transition metals (pmol pug™!)
Location OH ¢ O- 0~ Fe Mn Cu \Y Ni
centered centered
organic
Hyytidla  0.08 + 05+02 003+ 0.01 £ 55+15 1.0£0.5 0.7+0.3 0.5+ 0.01 £
0.004 0.01 0.01 0.2 0.003
Mainz 02+0.1 0.1+£0.07 0.02% 0.01 + 18.0+4.9 1.9+0.7 39+0.6 0.2+ 0.08 +
0.02 0.01 0.03 0.03
Beijing 0.04 £ 0.02 + 0.003+ 0.002 + 20070 45+£26 23+£04 02+ 05+
0.04 0.02 0.002 0.002 0.2 0.5




99  Table SS. Statistic of H20O: or RS yields of ambient PM at different locations.

. . _ . . HzOz or RS HzOz or RS
3
Sampling site PMtype PM (ugm>) Sampling time Method Analyte (pmol m™) (pmol pg'!) Reference
Hyytidla PM, 5 52 Jun-Jul 2017 MAK165 H,0, 10£8 1.9+£0.9 This study
o . May 2014-Jan (Arellanes et
UCLA Pacific coast ~ Fine 13+10 5015 PHOPAA+HRP  H,0, 1249 1.0+0.9 al.. 2006)
MPI-C at Mainz PM, ¢ 16+2 Aug-Sep 2017 MAK165 H,0, 47 £17 33+£1.1 This study
UCLA PM, 16+7 2009-2010 ~ PHOPAA+HRP  H,0, 47 +21 3.0£2.0 (W%gl ; al,
CRC-AES, UC 5 (Wang et al.,
Riverside PM, s 196 Jun-Aug 2008 PHOPAA+HRP  H,0, (2.7£2.1)x 10 14+1.6 2012)
UCLA freeway site  Fine 23 £8 Jan-May 2004 PHOPAA+HRP  H,0, 17 +90 07+1.1 (ﬁielg‘ggg)et
UCLA Pacific coast ~ Coarse 26+ 15 Jul2004  PHOPAA+HRP  H,0; 3149 12+0.6 (ﬁeuzaonoeg)et
UCLA freeway site  Coarse 27433 Jul 2004 PHOPAA+HRP  H,0, 15+9 0.6+0.3 (ﬁelg“gggﬁt
UC Riverside PM. s 39£22 Aug2005  PHOPAA+HRP  H,0, (12£1.1)x 10° 28.0 +20.0 (Wang et al,,
campus 2012)
UCLA campus Coarse 46 +22 Aug 2005 PHOPAA+HRP  H,0, (5.0 £2.4) x 102 14.1+94 (W‘;‘Zﬁ 8§ al,
UCLA upwind Coarse 97 +27 Jun-Aug 2008  PHOPAA+HRP H,0, (1.0 0.4) x 10° 109+53 (Wang etal,
Riverside 2010)
Beijing PMys  201+160  D°¢ ggig‘ Jan - MAKI6S 0, 190 + 120 34456 This study
. (Hung and
Taipei Coarse 7.5£2.8 Jul-Sep 2000 DCFH+HRP RS 64 +33 85+11.8 Wang, 2001)
Bern PM s 105 Nov 2014 DCFH+HRP RS (4.9 £2.9) x 10 50 (Zhé’(‘)ll‘g)al"
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Atlanta

Atlanta
Atlanta

Atlanta

London

Singapore (campus)

Taipei
Singapore (curbside)

Milan (traffic site)

Milan (low emission
zone)

Milan (traffic site)
Beijing
Beijing
Beijing

Milan (traffic site)

Rubidoux, CA

Rochester, NY

PM: s

PM, 5

PM: s

PM: s

PM, 5

PM:> s

PM3.,
PMy s
TSP
TSP
TSP
PM: 5
PM; s
PM; s
TSP
PM: 5

PM, 5

10.5+3.2

11.5+43

13.2+48

13.2+54

5-28

31+£15
33+6

507

52+19
57+19
5-110

74 £58
79 £59
129+ 60

not reported

not reported

12-17 Jul
2012
8-31 May
2012

8-29 Jun 2012

3-31 Jul 2012

not reported

Dec 2005

Jul-Sep 2000
Dec 2005
July 2013
Oct 2013
Oct 2013

Aug-Sep 2015
Dec 2014
Apr 2015

Jan-Feb 2013

Jul 2003

Aug 2009

DCFH+HRP

DCFH+HRP

DCFH+HRP

DCFH+HRP

DCFH+HRP

DCFH+HRP

DCFH+HRP

DCFH+HRP

DCFH+HRP

DCFH+HRP

DCFH+HRP

DCFH+HRP

DCFH+HRP

DCFH+HRP

DCFH+HRP

DCFH+HRP

DCFH+HRP

RS

RS

RS

RS

RS

RS

RS

RS

RS

RS

RS

RS

RS

RS

RS

RS

RS

(1.6 £0.2) x 102

(2.6+0.1) x 10
(1.4 £0.1) x 10

(24+0.1) x 10%

(0.4-2.4) x 10*
(5.7+0.7) x 10°

(5.4 £0.5) x 10?
(1.5£0.2) x 10*
(1.40.7) x 10
(2.0 £1.1) x 10
(2.4 £1.3) x 10
(0.2-3.6) x 10*
(1.3 £0.5) x 10*
(5.8 +2.6) x 10
(3.6 +0.8) x 102
(4.7 £0.4) x 10°

(83+22)x 10°

148 +4.5

22.6+3.0
10.6 1.9

182 +1.8

not reported

0.3

17.6 £29.2
460
2.73+1.29
3.74+£1.41
4.02+£1.77
not reported
179.6 £ 87.8
73.6+434
2.99+1.52
not reported

not reported

(King and
Weber, 2013)
(King and
Weber, 2013)

(King and
Weber, 2013)

(King and
Weber, 2013)
(Wragg et al.,

2016)

(Seeetal.,
2007)

(Hung and
Wang, 2001)
(Seeetal.,
2007)
(Perrone et
al., 2016)
(Perrone et
al., 2016)
(Perrone et
al., 2016)
(Huang et al.,
2018)
(Huang et al.,
2016)
(Huang et al.,
2016)
(Perrone et
al., 2016)
(Venkatachari
et al., 2005)
(Wang et al.,
2011)
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102  Figure S1. (a-c) Concentrations of PM,s in aqueous extracts of each filter samples. (d) Mass-specific
103  radical yields by different concentrations of PM 5 in water versus the concentration of ambient PM5 s in air.
104  (e) Air sample volume-specific radical yields by different concentrations of PM versus the concentration

105  of ambient PM>s. The error bars denote the standard errors (11-20 samples per location).

12



106

107

108

109

110

111

(@) 0.8- %} 5
S 06- 0% 0} o)
=2
~ 0.4
o)
T 0.2-
0.0+

| ] ] | | 1
0 20 40 60 80 100
Extraction time (min)

(

(e}
S
o
N
]

|

< 0.154 O o0 o o

o

-

o
1

0.05
0.00

Transition
metals (UM

I I | | I 1
0 20 40 60 80 100
Extraction time (min)

Figure S2. (a) Temporal evolution of H,O» concentration in water extracts during the extraction process.
Error bars represent standard deviation of duplicate measurements. (b) Temporal evolution of water-soluble
transition metal concentration in water extracts during the extraction process. The H>O, and transition metal
concentrations became constant after ~15 min’s extraction. The filter used for these tests was collected at

Mainz from 25 to 27 Oct. 2017.
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Figure S5. (a) Total radical yield and (b) relative fractions (RF) of individual radicals observed in aqueous
surrogate mixtures of CHP, Fe?*, HA, FA, and H,O,. CHP: 100 uM. Fe?*: 300 uM. HA: 100 ug mL. FA:
80 ug mL!. HyO,: 0-300 uM. The error bars represent uncertainties of signal integration of EPR spectra

(for y-axis) or experimental uncertainties of the solution concentration (for x-axis).
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125 Figure S6. (a) Temporal evolution of total radical concentration and (b) relative fractions (RF) of individual
126  radical species in aqueous mixtures of 100 uM CHP and 300 uM Fe?*. Error bars represent standard

127  deviation of duplicate measurements.
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Figure S7. (a, ¢, e) Concentration of totally formed radicals and (b, d, f) RF of individual radicals in aqueous
mixtures comprising CHP, Cu?*, HA, or FA. The concentration of CHP in (a) and (b) is 50 uM. The
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experimental uncertainties of the solution concentration and signal integration of EPR spectra, respectively.
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3.5 Environmentally Persistent Free Radicals in Remote and Polluted Regions

This chapter represents the current state of a manuscript in preparation for submission as a research article
to a peer reviewed scientific journal. I have done almost all the experimental work, which is relevant for
this study. More concretely I planned and executed the sampling of PM in Mainz and analyzed all ambient
PM samples except those from ATTO personally by EPR. Furthermore, I analyzed, processed, and
visualized all data. Also the plotting of all figures and the first draft of text were prepared exclusively by
me. However, the presented version takes into account a number of suggestions and comments by some of
the coauthors, but these were all implemented and integrated under my coordination. I also did all modeling
related to lung deposition presented in this chapter.
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Abstract

Environmentally persistent free radicals (EPFR) are a class of pollutants that are associated with
atmospheric aerosols and may contribute to the adverse health effects of air particulate matter (PM). The
size distribution and regional variability of EPFR in atmospheric aerosols, however, is not well
characterized. Here, we report size-resolved concentration measurements of EPFR in PM covering a
particle diameter range from nanometers to micrometers for different environments ranging from remote
tropical and boreal forests (Amazon Tall Tower Observatory/ATTO, Brazil, Hyytidld, Finland) to
moderately or heavily polluted urban areas (Mainz, Germany; Beijing and Guangzhou, China).

Across the investigated locations, we found a strong increase of EPFR, i.e., unpaired electrons or spins
detected by electron paramagnetic resonance spectroscopy (EPR), with the mass concentration of particles
with diameters up to 10 um (PM ). The observed average values of the total volumetric spin concentration
ranged from well below 10'> m™ in clear forest air to more than 10'* m™ in heavily polluted urban air. The
average mass-specific spin concentrations in PM o ranged between 3x10'° ug! and 3x10'! pg'.

In urban air, the size-resolved EPFR distribution exhibited a pronounced maximum in the sub-micrometer
size range (PM)), and a similar pattern was observed in the boreal forest aerosols from Hyytiila. In contrast,
the ATTO rainforest aerosol exhibited very low EPFR concentrations in the submicron size range and a
peak in the coarse mode at particle diameters around 4 um. These EPFR exhibit higher g-values than
samples from other sites, which could be an indication for a different source at the ATTO site. Preliminary
experiments indicate that primary biological aerosol particles could play a role in this, also biomass burning
aerosols from long range transport could contribute to this phenomenon.

For the moderately polluted urban air in Mainz, we found a pronounced maximum of EPFR in the
accumulation mode at particle diameters around 0.1-0.5 pm and higher concentrations in autumn and winter
compared to spring and summer, which may be due to anthropogenic combustion emissions (traffic and
heating). Based on this high-resolved EPFR size distribution in Mainz, we estimated the airway deposition
behavior and found that measurements based on PM; capture most of the depositing EPFR.
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Introduction

Airborne particulate matter (PM) plays an important role in air quality, climate, and public health, but the
chemical composition and reactivity of PM are not yet well characterized —especially with regard to organic
constituents (Poschl, 2005; Farmer et al., 2015; Poschl and Shiraiwa, 2015; Shiraiwa et al., 2017; Knopf et
al., 2018; Heald and Kroll, 2020). Particularly little is known about environmentally persistent free radicals
(EPFR), which are a class of substances that contain unpaired electrons (spins) (Vejerano et al., 2018). They
can be detected by electron paramagnetic resonance (EPR) measurements and exhibit chemical lifetimes in
the range of hours to months depending on oxidation state, ambient conditions, and chemical shielding in
the bulk material of particles (Dellinger et al., 2001; Gehling and Dellinger, 2013; Chen et al., 2018a; Tong
et al., 2016). Among the EPFR detected in ambient PM are resonance-stabilized polycyclic aromatic
compounds such as semiquinones and phenoxy radicals, which may play a key role in oxidative stress and
adverse health effects caused by fine particulate matter with a diameter smaller than 2.5 pm (PMas)
(Dellinger et al., 2007; Khachatryan et al., 2011; Mahne et al., 2012; Arangio et al., 2016; Lakey et al.,
2016; Harmon et al., 2018). Among the potential sources of EPFR are direct emissions from combustion
processes (Yang et al., 2017; Vejerano et al., 2018; Chen et al., 2019a; Jia et al., 2020; Zhao et al., 2019a)
as well as chemical formation in the atmosphere involving multiphase chemical reactions of secondary
organic aerosols, transition metal ions, and photo-oxidants like ozone, nitrogen oxides and hydroxyl
radicals (Kiruri et al., 2013; Borrowman et al., 2016; Patterson et al., 2017; Tong et al., 2018; Chen et al.,
2018b; Zhu et al., 2019; Zhao et al., 2019b; Pan et al., 2019; Jia et al., 2018; Li et al., 2020).

A number of studies have investigated the concentration of EPFR in urban areas with various influences
from traffic, industrial, and residential emissions (Table), showing a diverse seasonal variations and size
dependence (Squadrito et al., 2001; Shaltout et al., 2015; Arangio et al., 2016; Yang et al., 2017; Chen et
al., 2019a; Chen et al., 2020). Some of the observed differences and variations, however, may be due to
different sampling and measurement techniques applied in different studies as will be discussed below (Sect.
3). In this study, we apply a set of sampling and measurement techniques to determine the spin
concentrations and size distributions of EPFR in samples from both urban and remote areas of the world.

To the best of our knowledge, this study will be the first to provide a comparison of size-resolved
concentrations of EPFR in different environments from remote tropical and boreal forests (ATTO, Brazil;
Hyytidld, Finland) to moderately and heavily polluted urban areas (Mainz, Germany; Guangzhou and
Beijing, China). Furthermore, we extend the understanding of size-resolved EPFR concentrations into the
Aitken particle size range and also their seasonal variability in Mainz, Germany. Based on the measured
size distribution of EPFR and PM, we estimated the deposition potential of EPFR and PM in different
sections of the human respiratory tract by the multiple path particle dosimetry (MPPD) model.

125



Methods
Particle collection

Particulate matter samples in Guangzhou and Beijing were collected using the same Andersen type
impactor (Model 20-800 ambient cascade impactor from Tisch Environmental, Incorporation). The
sampling was conducted from November 1% to December 23™ 2017 in Guangzhou and from August 29" to
September 7" 2017 in Beijing. The air flow rate was 15-17 L min™!. Samples were collected for 24-120 h
intervals. More sampling information and detailed results can be found in Tables S6, S10, and S11.

The sampling in Mainz, Germany, was conducted on the roof of the Max Planck Institute for Chemistry
(49.9912° N, 8.2284° E) with a micro-orifice uniform deposition impactor (MOUDI) sampler (122R-126,
MSP Corporation now TSI Inc.). The air flow rate used in the MOUDI system was 30 L min™'. Each set of
filter samples was collected for about 48 h. The 47 and 90 mm diameter Teflon filters (0.1 um pore size,
Merck Chemicals GmbH) were used to collect 0.056-18 and 0.01-0.056 pm particles, respectively.
Immediately after the sampling, filter samples were weighted and subsequently stored at -80 °C until
analysis. The sampling period ranges from August 2017 to February 2020, more sampling information and
detailed results can be found in Table S2, S3, and S5.

A MOUDI sampler (I 125R, MSP Corporation now TSI Inc.) and 47 mm diameter Teflon filters (0.1 pm
pore size, Merck Chemicals GmbH) were used to collect 0.01-18 um particles at the remote Amazon Tall
Tower Observatory (ATTO) in the Amazon basin in Brazil (2.1459° S, 59.0056° W). The air flow rate used
in the MOUDI system was 10 L min™!. Each set of filter samples was collected for 5-9 consecutive days,
from March 27" to April 25" 2017. More sampling details and detailed results are shown in Table S3, and
S7. More information about the station can be found elsewhere (Andreae et al., 2015).

The sampling at SMEARII station in Hyytiéld, Finland, (61.8439° N, 24.2883° E) (Hari and Kulmala, 2005)
took place between 31% of May and 16" of July 2017. A Dekati PM;o impactor was used for the sampling
and the working air flow rate in the pump is 30 L min! (Laakso et al., 2003; Heikkinen et al., 2020). More
sampling information and detailed results can be found in Table S4, and S8.

After the particle collection, all filter samples from Amazon, Hyytidld, Beijing and Guangzhou were kept
at -20°C until shipping to Mainz, which occurred as fast as possible. Thereafter samples were stored at -
80°C before analysis, which was typically within one week after arrival. More detailed discussion about
sampling efficiencies and weighing of filters can be found in the supplementary information.

EPR measurements

We used a continuous wave electron paramagnetic resonance X-band spectrometer (EMXplus10/12, Bruker
Corporation) for the EPFR measurements. Filter samples with particulate matter were folded and inserted
into an EPR high purity quartz tube with an inner diameter of 4 mm as described in our earlier study
(Arangio et al., 2016). The tube was then inserted into a high sensitivity cavity, which was continuously
flushed with a gentle stream of dry N, gas. Instrument parameters were set as follows: modulation frequency
of 100 kHz; microwave frequency of 9.84 GHz, microwave power of 2.149 mW (20 db), sweep width of
70 G, sweep time of 20.63 s, receiver gain of 30 db, time constant of 81.92 ms, conversion time of 15.48
ms, scan number of 15, and the modulation amplitude was adjusted between 1 and 3 G depending on sample
properties. The spin-counting method embedded in the Bruker software, Xenon, was applied to quantify
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EPFR number of the respective filter samples. The spin-counting method was calibrated using the reference
compound 4-hydroxy-2, 2, 6, 6-tetramethylpiperidin-loxyl (TEMPOL). The detection limit of this
approach is ~ 10'” spins. The g-value of samples was manually retrieved from the baseline corrected EPR
spectra, by estimating the center of the EPFR signal in the 2™ derivative of the spectrum with the cursor.
Uncertainties including instrumental and processing errors of this approach amount to an error in g-value
of approximately +/- 0.0005.

Particle deposition model

We used the Multiple-Path Particle Dosimetry Model (MPPD V3.01) to calculate the size-resolved
deposition potential of EPFR and PM in Mainz in the human respiratory tract. More details on this model
can be found in the literature (Asgharian et al., 2001). As model settings we used the following conditions:
Airway Morphometry PNNL symmetric, particle size 0.01-10 um in 12 fractions, breathing was simulated
with a constant exposure at 12 breaths min™!, a 625 mL tidal volume and a 50 mL head volume with
oronasal-mouth breathing. More concretely we modelled EPFR deposition for a case study, represented by
the average size distribution of PM and EPFR measured in this study. Based on this we estimated the airway
deposition potential in three different compartments: the head region including mouth, nose, and throat, the
tracheobronchial region being the distributing network of airways, and lastly the pulmonary region,
including the alveoli (Figure 5). The resulting deposition fractions can be found in Table S12.
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Results and discussion
Regional distribution of EPFR in ambient particles

We compared the concentrations of particulate matter smaller than 10 um (PMjo) and EPFR in
environments ranging from remote forests (ATTO and Hyytiéléd) to intermediately polluted (Mainz) and
heavily polluted (Guangzhou and Beijing) urban air. As shown in Figure 1, PM;o and EPFR exhibit a
positive correlation at log-log scale (R?=0.99; Cyspins)= 10 + 1.2 x10'" x PM ). Therein the remote forests
exhibit lower PMo concentrations, with Hyytizld having a smaller average PM, concentration (6 pug m™)
than ATTO (10 ug m?). These values are comparable to previously reported PM;o concentrations in the
two areas (Hari and Kulmala, 2005; Moran-Zuloaga et al., 2018). The higher PMo concentration at ATTO
is largely due to a dust event that occurred during the sampling period (Figure S6), because the PMo
concentration during non-dust events is around 3-4 pg m=at ATTO (Moran-Zuloaga et al., 2018). Higher
concentrations of PM o were observed in intermediately and heavily polluted urban air: 16 ug m in Mainz,
38 ug m? in Guangzhou, and 161 pg m™ in Beijing, which correspond to previously reported PM
concentrations in these areas (Drewnick et al., 2006; Zhang and Cao, 2015). Similar like the PM;o mass
concentrations, the volumetric EPFR concentrations (spins per cubic meter of sampled air, i.e. spins m™)
increase from remote forests to polluted urban areas: Hyytidld (0.41 x10'?) < ATTO (0.88 x10'?) < Mainz
(1.34 x10'?) < Guangzhou (3.32 x10'?) < Beijing (26.33 x10'2). The positive correlation of EPFR and PM
in Figure 1 is in line with the positive correlation of EPFR and PM, s across different regions as well as at
single sampling sites (Chen et al., 2018b; Chen et al., 2019a; Xu et al., 2020; Qian et al., 2020). Taken
together this finding emphasizes the great contribution of anthropogenic emissions to the EPFR and PM
pollution in metropolitan areas.
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Figure 1: Total volumetric EPFR spin concentration (spin concentration per unit air volume, Cvspins)) in PM10 sampled in
different ambient areas plotted against the collected mass of particulate matter smaller than 10 pm (PMi0) at the
respective site (Hyytiéld — 16 samples- , ATTO -4 samples-, Mainz - 40 samples-, Guangzhou - 8 samples, and Beijing - 5
samples). The black line is a linear fit of the indicated data points with a slope of 1.2 x 1012spins pg-. The data points are
arithmetic mean values and the error bars represent the standard error of the mean.
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That this trend prevails also across different locations is not directly intuitive, because EPFR are believed
to originate primarily from combustion sources and dust, with only minor contributions from other PM
sources (Chen et al., 2018b; Vejerano et al., 2018). Accordingly by looking at different sampling sites with
pronounced differences in PM source characteristics and varying influence from dust and combustion, a
complicated relationship between PM mass and EPFR occurrence may be expected. Nevertheless our
results show an almost linear correlation on a log-log scale from very remote places to large urban
environments. However, for the data collected in Mainz only, this relationship is not so clear. These
observations might be related to the different emission sources and meteorological conditions in Mainz,
which did not induce a significant seasonality of PM mass concentrations (Table S14). Nevertheless it is
know that PM sources are changing in different seasons in Mainz (Zhang et al., 2010), accordingly the
temporal variability in the volumetric spin concentration may be closer connected to specific sources than
to PM mass concentration considering only this site. Details about the mass-specific spin concentrations
and it’s correlation with PM mass can be found in Figure S7. Briefly all sites were found to have about
~10'"" spins ug™! of EPFR, only Beijing exhibited enhanced mass-specific concentrations in PMjj.

EPFR and PM concentrations in this study are compared with literature values in Table 1. Overall this table
reinforce the findings in Figure 1: higher concentrations of EPFR in polluted urban air than in cleaner sites.
Moreover, Table 1 shows the large variability of PM concentrations, EPFR concentrations, and EPFR
characteristics across different studies. Therein the PM mass concentrations in Mainz, Guangzhou, and
Beijing from this study cover the PM level range in literature studies that investigated EPFR abundance.
The results for remote forest sites (ATTO and Hyytiél4) in this study are the first on EPFR in relative clean
environments, indicated by their volumetric spin concentrations being lower than any other site. The EPFR
concentrations in the intermediately polluted site in Mainz are comparable to recent data reported for a
residential area in Denver (Colorado, USA) by Runberg et al. (2020) (1.04 - 1.07 x10'2 m®). More literature
results on EPFR concentrations in Chinese megacities are available for comparison with this study. For
instance, Guo et al. (2020) observed 2.78 — 17.2 x10'? spins m™ in Nanjing, where the PM> 5 concentrations
are up to 68 ug m>. This EPFR concentration is a bit higher than what we found in Guangzhou (2.68 x10'
m™), where we observed comparable mass concentrations of PM (42 ug m? for particles smaller 2.1 um).
Moreover, Chen et al. (2018b) found volumetric spin concentrations of 16-57 x10'> m™ in PM, s at three
sampling sites in China (Erenhot, Zhangbei, Jinan), where the PM concentrations are between Guangzhou
and Beijing. Finally, we found that the EPFR level in Guangzhou is lower and those for Beijing at a
comparable level with that report (18 x10'> m?in PM smaller than 2.1 pm). Lastly, Chen et al. (2019a)
found volumetric spin concentrations of 0.98 — 690 x10'> m~ in Xi’an at PM» s concentrations comparable
to PM mass concentrations in Beijing and Guangzhou from this study. Therefore we conclude that under
consideration of the varying site characteristics, our results complement and broaden the picture outlined
by previous studies.

Size distribution of EPFR in ambient particulate matter

Beyond the content of EPFR in PM; our data enable insights into the size distribution, therefore Figure 2
shows the size-resolved volumetric- (spins per sampled air volume, i.e. spins m™, left panels) and mass-
specific concentrations (spins per microgram of collected PM, i.e., spins ug™, right panels) of EPFR in PM
from different environments. We found that in Hyytiéld and urban areas (Beijing, Guangzhou, and Mainz),
more EPFR were distributed in submicrometer particles (fine PM) than in supermicrometer particles (coarse
PM). Whereas substantially more EPFR in coarse PM were observed at ATTO.
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Table 1: Overview of characteristics and concentrations of EPFR and PM in different locations. Uncertainties of PM and
EPFR concentrations in this study represent the standard error. “Size-resolved measurements for PM from different site.
*Seasonality of EPFR for one constant sampling site.

site PM size Mass-specific spin ~ Volumetric spin PM
site proper- g-value range concentration concentration concentration study
ties g (x10'! pg) (x10' m?) (ug m)
Bat°3§zuge’ urban  2.0041  PMas 0.28 %0.15 N/A N/A
Durham, USA urban 2.0036 PM; s 0.66 £0.32 N/A N/A
Phoenix, USA urban 2.0032 PM; 5 1.04 £ 0.46 N/A N/A (Squadrito et al.,
: : 2001)
P hﬂi‘?seg’hla’ urban  2.0038  PMas 0.64+0.21 N/A N/A
RUE‘SZUX’ urban  2.0039  PMbas 027 +0.11 N/A N/A
Baton Rouge, (Gehling and
USA urban 2.0035 PM;5 (0.20 — 34.8) N/A N/A Dellinger, 2013)
Taif, Saudi urban/  2.0033- (Shaltout et al.,
Arabia suburban  2.235 PM25 (0.16-0.58) N/A 488 2015)
Mainz, 0.056-10 (Arangio et al.,
Germany suburban 2.003 um* 2.00 N/A N/A 2016)*
. rural PM,s/ N/A 283 £ 185 (Roy et al.
Pune, Ind 2.003 i ~1-10 ’
une. India - pan PMy (~1-10) N/A 176 + 57 2016)
Zhangbei, 2.0028-
China rural 20033 PM; 5 11.0 57.0 54 +26
. . 2.0026- (Chen et al.,
Jinan, China urban 20031 PM; 5 4.60 46.0 103 £ 36 2018b)
Erenhot, 2.0030-
China urban 2 0041 PM; s 3.70 16.0 56 £ 58
Xuanwei, 2.0039- (Wang et al.,
China urban 2 0046 TSP (3.2-310) N/A N/A 2018)

o . 2.0029- (Chen et al.,
Xi'an, China urban 20033 PM; s (15.3-39.2) (0.98 — 690) (28-490) 2019a)*
Xi'an, China  urban N/A PMas (0.018 - 0.37) (95 - 179) (30-307) (ng%;)ﬂal"

Beijing, China urban 2.00339 PM; s (2970 — 311000) (6880 —2950000) N/A (Xu et al., 2020)*
Wanzhou, 2.0032- (Qian et al.,
China urban 20038 PM; s (19.0-35.4) 70.0 =17 (23 -43) 2020)

. . 2.0031- % (Chen et al.,

Linfen, China urban 20033 PMg N/A (252 - 570) N/A 2020)%*
Nanjing, 2.0029- (Guo et al.,
China urban 20045 PM; s (0.12 - 1.08) (2.78 -17.2) (12-68) 2020)
Denver, USA  suburban 20010 M, N/A (1.04 - 1.07) N/A (Runggg%ft al,
Hpﬁlt;?g remote  2.00299  PM¢* 0.80+£0.12 0.41 +0.07 61
ATTO, Brazil remote 2.00332 Ofrll;io 0.57+0.17 0.88 +0.12 10+8
Mainz, G burban 2.00282 00110 0.94£0.15 1.3420.23 1641 This study*
Germany um
G“aC“h%ﬁzO“’ urban  2.00279  PMo* 1.09 +0.13 3.32+0.38 3842
Beijing, China urban 2.00271 PM* 1.22 +0.37 26.33+2.70 191 +£23
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More specifically, Beijing EPFR in particles smaller than 0.4 pm account for almost half of the detected
spins (123 x10'"' m™), other fine particle fractions at this site contain relatively small amounts of EPFR.
Among coarse particles in Beijing we found an increase towards larger particle size with the highest
volumetric spin concentrations in 9-10 pm particles (30 x10'" m). Similar like Beijing, Guangzhou
particles with diameter smaller than 0.4 um also contain the highest concentration of EPFR (11 x10'! m),
accounting for 1/3 of all detected EPFR species. In addition, 0.7-2.1 um particles also contain 1/3 of EPFR,
In Mainz fine PM also contain most EPFR, we observed on average most spins in particles with the biggest
proportion in 0.056-0.560 um particles (11 x10'! m®) . Whereas, much lower concentrations of EPFR were
found in coarse particles (<1 x10'"' m™). Interestingly, we also observed the enrichment of EPFR in ultrafine
particles in Mainz (0.056-0.01 um, 2 x10'! m), which is to the best of our knowledge the first report about
EPFR in such small particles. Even though the lower MOUDI stages are particularly susceptible to
bouncing of larger particles across several stages, we found consistently a significant amount of EPFR even
in the smallest stage (0.01-0.018 um), which is why we are confident about the occurrence of EPFR in
ultrafine particles. Moreover at the remote forest site Hyytidld, we also found most EPFR in fine particles
(3.8 x10' m™) and coarse PM contains only a negligible amount of EPFR. The only area, where we found
more EPFR in coarse particles (3.4 x10'' m™) than in fine particles, is the ATTO site with 5.4 x10'! spins
m>.
Particulate matter at Atos composed of locally emitted primary biologic aerosols (PBA) and secondary
organic aerosols (SOA) as well as long range transport of Saharan dust in combination with marine aerosols
and biomass burning smoke from the Sahel region (Moran-Zuloaga et al., 2018). The generally low
volumetric spin concentration of EPFR in ATTO is likely due the lack of local combustion particle
emissions (Andreae et al., 2015). Even though dust storms have been established as source of EPFR in
recent studies (Chen et al., 2018b; Wang et al., 2019), we found that mineral dust from long-range transport
does not cause a strong increase of volumetric spin concentrations at ATTO (Figure S6, S13). This may be
related to the long transport times of dust and the very high humidity at the site, which is known to reduce
EPFR concentration in PM (Xu et al., 2020), especially as these samples were collected in the wet season
of the Amazonian basin (Andreae et al., 2015; Moran-Zuloaga et al., 2018). Furthermore, Figure S13 shows,
that the generally small concentrations of black carbon do not yield a conclusive correlation with the
volumetric spin concentration. Therewith we assume that dust and combustion may have only a minor
influence on EPFR in ATTO. Accordingly other sources could play a larger role in this remote environment
e.g. secondary oxidation processes, such as photochemical formation from organic aerosols (Chen et al.,
2019b; Wang et al., 2019; Li et al., 2020) and oxidation of PBA. In order to investigate the influence of
photochemistry, we looked at the intensity of short-wave radiation in connection with the volumetric EPFR
abundance, but the results are inconclusive. Nevertheless we found in preliminary experiments that different
types of pollen contain EPFR (Figure S14) and also the large size of PBA could explain the higher EPFR
content in coarse particles at ATTO (Huffman et al., 2012). Thereby processed primary biological particles
may contribute to EPFR in particles larger 1 um and influence the distinct EPFR size distribution at ATTO
with most radicals in coarse particles.

Another indication for a different EPFR source at ATTO compared to the others sites is the g-value. The g-
value is a qualitative information in EPR spectra, which enables clues about the chemical environment of
the unpaired radical producing an EPR signal. For most organic radicals this value is close to the free
electron signal (g = 2.0023), nevertheless the extent of deviation from this standard, yields hints on the
structure also for organic radicals. We found that ATTO EPFR have the highest g-value of all sites in this
study with g = 2.00332 (Table and Figure S3 and S10), which indicates a higher oxidation degree close to
the radical center of the EPFR molecules (Segal et al., 1965). Also the EPFR we found in pollen (Figure
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S14) exhibited a relatively large g-value of typically more than 2.004. Interestingly the other remote
sampling site Hyytiéld exhibited the second highest value (g = 2.00299), which is still significantly higher
than the samples from the suburban and urban sites with g = 2.00271-2.00282 (Table 1 and Figure S3).
These observations could be indications that others sources than combustion, like photochemical EPFR
formation involving highly oxygenated molecules or PBA, contribute a higher proportion or even most
EPFR in remote environments like ATTO and Hyytiéld (Chen et al., 2019b; Li et al., 2020).
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Figure 2: Panels on the left side show size resolved volumetric- and panels on the right side show mass-specific (spin
concentration per unit mass of particulate matter, Cm(spins)) EPFR spin concentration in particulate matter from different
locations. The width of the bars represents the respective sampled aerodynamic particle size interval. The height of the
columns but not the area scales with the amount of spins in the respective size interval. Error bars represent the standard

error of the mean.

The right panels in Figure 2 display the size-resolved mass-specific spin concentrations, which exhibit one
order of magnitude variation. Overall the profile of the size-resolved mass-specific EPFR concentration in
Beijing, Hyytidld and ATTO PM resembles the volumetric EPFR concentrations at these sites (the left
panels of Figure 2), whereas the highest Guangzhou and Mainz mass-specific EPFR concentrations were
found in larger (0.7-1.1 pum) respectively smaller particles (0.056-0.1 pm) than the volumetric spin
concentrations (< 0.4 pm for Guangzhou and 0.18-0.32 pm for Mainz). In Beijing, Hyytidld and ATTO air,
the highest mass-specific spin concentrations of EPFR were found in PM smaller 0.4 um (4.4 x 10" pg™),
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smaller than 1 pm (1.3 x 10" pg?), and 3.2-5.6 um (4.4 x 10" pug™), respectively. The lowest abundances
of EPFR were found in PM between 0.7-1.1 um (0.49 x 10! ng’!, Beijing), 2.5-10 um (0.09 x 10" pg’,
Hyytiild), and 0.01-0.018 um (0.20 x 10! ug™!, ATTO), respectively. In contrast, the highest mass-specific
spin concentrations in Guangzhou and Mainz were found in PM between 0.7-2.1 um (1.4-1.6 x10" pg™)
and 0.054-1 um (4.32 x10'"! ug™), respectively. Furthermore, in Mainz PM the highest mass-specific spin
concentrations (on average 4.32 x10'" ug') were found to be one order of magnitude higher than EPFR
concentrations in coarse PM (0.18-0.33 x 10'! ug™). Also in Hyytidld we observed about one order of
magnitude more EPFR in fine PM (1.30 x10'" ug™') than in coarse particles (0.09-0.38 x10'" ug™). To
conclude it is noteworthy, that we found a high variety of size distributions of the mass-specific spin
concentrations even though PMo mass-specific EPFR concentration is relatively conserved across the sites
in this study (Figure S7).

Among the sparse measurements of size-resolved EPFR concentrations, Chen et al. (2020) found higher
EPFR concentrations in Linfen (China) (36-360 x10'2 spins m™ for different size fractions) than the urban
and remote forest sites in this study. Furthermore, Chen and co-workers also found a major fraction (58%)
of winter EPFR in particles smaller 2.1 um, which is comparable to Guangzhou and Beijing PM in this
study (74% for Guangzhou and 61% for Beijing). Moreover, the enrichment of EPFR in fine particles has
also been observed by Yang et al. (2017), who found more than 70% of EPFR in PM; s in Beijing covering
a wide range of PM concentrations. However, a direct comparison of the absolute EPFR concentrations
among different studies should be done with caution. For example, Yang and co-workers measured the
extracted EPFR and not the sampled particle content directly. One reason for the small variations in between
the cities could be differences in regional and local Pm sources as well as different oxidation states of the
aerosol between these megacities (Tong et al., 2019). To conclude, most primary particles from combustion
sources would typically exhibit a size below 1 um (Cheng et al., 2012), which could be an explanation why
we found most EPFR in cities to be in this size range. Nevertheless, differences in local PM sources and
atmospheric chemistry are likely to have a substantial influence on the size distribution of EPFR.

Our previous study in Mainz found the highest mass-specific spin concentrations with 7 x10'" spins ug’!
for particles with 0.056-0.100 um diameter (Arangio et al., 2016). This is in good agreement with the
average concentration we found for particles of the same size fraction (5.88 x10'! spins pg™'). The small
deviation in between these studies may be attributed to different sample numbers, as variability of EPFR
concentrations are pronounced (Figure S9). For instance we found that a strong storm in Mainz, resulted in
a pronounced decrease not only of volumetric but also of mass-specific spin concentration (Table S1 and
Figure S5). Other studies have investigated the effect of rain and changing humidity on EPFR concentration,
which emphasizes the need for comprehensive studies covering a large range of meteorological conditions
(Arangio et al., 2016; Xu et al., 2020). Nevertheless, we found a consistently high EPFR content for Mainz
particles between 0.056 and 0.560 um. This distribution reasonably corresponds to typical size distributions
of combustion particles (Cheng et al., 2012), which are the most common EPFR sources (Vejerano et al.,
2018). Combustion sources at this suburban site in Mainz are likely streets and highways in close proximity
as well as residential heating in winter. With respect to the remote site in Hyytidld, where we also found a
high fraction of EPFR in particles smaller 1 um, a large contribution of combustion to PM formation would
be unexpected (Hari and Kulmala, 2005). In this environment, particle formation is typically dominated by
secondary organic aerosols, these could produce persistent radicals upon photoexcitation (Chen et al.,
2019b; Li et al., 2020) or during oxidation (Tong et al., 2018). This is supported by higher g-values in
Hyytidld than in the urban areas, as discussed above (Segal et al., 1965). Nonetheless, our findings indicate
that this is resulting in less EPFR formation than combustion processes, indicated by the generally lower
mass-specific concentrations found in this remote area. Accordingly, despite comparable EPFR size
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distribution, the reasons for the relatively high mass-specific spin concentrations in fine particles may be
different: while Mainz EPFR could be mainly linked to combustion, Hyytidld EPFR could originate more
from secondary photooxidation.

Hence, we found a high variability of size-resolved EPFR concentrations among the probed environments,
which may be connected to differences in PM sources and meteorological conditions. Detailed lognormal
size distributions of PM mass, as well as volumetric- and mass-specific spin concentrations of all sites can
be found in the supplementary information (Table S2-5, Figure S1-S2). Generally combustion processes
seem to play a dominating role in areas with pronounced anthropogenic influence, resulting in a high
fraction of EPFR being associated to fine particulate matter. Conversely, in remote areas other (secondary)
sources may contribute substantially to EPFR formation, resulting in a more complex distribution.

Seasonal variability of EPFR in different size PM from Mainz

Using the results from the long observation period in Mainz (>2 years) we analyzed the seasonal variability
of the EPFR size distribution functions (Figure S4). We found that the mass-specific spin distribution
exhibits similar patterns as the volumetric distribution. Moreover, based on a lognormal fitting, we also
found that spring and summer EPFR exhibited a unimodal distribution, with the 0.18-0.32 pm particles
containing most EPFR (accumulation mode). However, autumn and winter EPFR exhibited a bimodal
distribution, with peak EPFR concentrations around 0.18-0.32 um and 0.02-0.03 um PM, respectively.

el (Al U e 0ol L1l N | s aanl

159 T H 10
10 Spring 1 [

5 =

3 0

- 10

—_ -
o O 0o
1 ! I

% H“
L L L L B
2l Bl ve @@l i 5 ) 5
.T

T

- O

U T
(&)

o

S - 11 1
Cm(spins)/dlogDp x10 (Mg' )

dC,spins/dlogD, x10™" (m™)

s
d

0.01 0.1 1 10 0.01 0.1 1 10
Particle diameter (um)

Figure 3: Size distribution of EPFR spin concentration in particulate matter from Mainz for different seasons. Panels on
the left side show the size distribution function of the volumetric spin concentration, panels on right side show the size
distribution function of the mass-specific spin concentration. Error bars represent uncertainties based on the standard

error of the mean. Black lines represent lognormal fittings.
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Panels on the left side in Figure 3 show that from summer to winter, the peak volumetric spin concentration
based on the fitting is shifted to larger particles (summer: 7.6 x10" m at ~0.15 pm, winter: 33.8 x10'! m™
at ~0.3 um). Moreover we found an increase of EPFR in fine particles in autumn and winter compared to
spring and summer, while simultaneously the average diameter of PM is increasing. More specifically,
EPFR in autumn and winter occur in high volumetric spin concentrations in particles with 0.18-0.32 um
(~20 x10" m) as well as 0.018-0.032 um diameter (~10 x10'"" m®). This is substantially more than in
summer and spring for 0.18-0.32 pum (~6 x10'' m¥) and particles smaller 0.05 um (<1 x10'"" m?)
respectively. The seasonal change in EPFR concentrations below 0.05 um is reflected in the bimodal
lognormal fitting of the size distribution function for autumn and winter (black lines). From now on we
refer to this second mode as nucleation mode. In addition, we found increasing volumetric spin
concentrations for the size fraction between 0.05 and 0.18 um in the order spring, summer, autumn, and
winter (5, 6, 9, 12 x10'! m®). We did not observe a significant seasonality for coarse particles, they were
found to contain on average between 0.45 and 0.86 x10'! spin m™ in the different seasons.
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Figure 4: (a) Volumetric and (b) mass-specific EPFR spin concentrations in Mainz PM¢ from different seasons. Error
bars represent the standard error of the mean.

Right side panels in show that mass-specific EPFR spin distributions exhibited a similar pattern as the
volumetric distributions. We found for all seasons an EPFR accumulation mode, which is centered on 0.15-
0.30 um and observed a nucleation mode in autumn and winter. The finding that both variables exhibit
similar changes throughout the seasons indicates, that the seasonality of EPFR in Mainz could be driven by
varying particle properties and therewith source characteristics. This is supported by the finding, that the
PM mass distribution is very stable across the seasons in our study. More in detail, due the nucleation mode
in autumn (2.4 x10'"" ug™!) and winter (7.1 x10" pug™") EPFR concentrations in particles smaller 0.05 pm are
much lower in spring and summer (~0.1 x10'"' ug™). Moreover the mass-specific spin distribution function
exhibits in all seasons a maximum in the fine particle range in the order spring<summer<autumn<winter
(4.4, 6.4,9.9, 23.3 x10'"! ug'). This seasonality is less pronounced for coarse particles, therein summer,
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autumn, and winter were found to have comparable EPFR concentrations (~1 x10'!' ug™), only the spring
mass-specific spin concentration is significantly lower (~0.3 x10'' ug™).

The lower EPFR abundance in fine particles in summer and spring could be explained by less heating
activities in this suburban environment during warm periods (Birmili et al., 2001). A similar observation of
volumetric spin concentrations in fine particulate matter increasing from summer to winter has been
reported by Chen et al. (2020) for Linfen, which they attributed to varying local and regional sources of
PM and EPFR across seasons (Zhang and Cao, 2015). For example, Chen et al. (2020) attributed the
increase of wintertime fine EPFR in Linfen to residential coal heating, in Mainz other sources could play a
larger role: Combustion processes in general (Dellinger et al., 2001) and more specifically motor vehicle
emissions, dust, waste incineration, and industrial activities have been proposed as sources of EPFR (Chen
et al., 2018b; Chen et al., 2019a; Wang et al., 2019). Moreover, the occurrence of a nucleation mode (0.02-
0.03 um) has been attributed to local sources before (Birmili et al., 2001), but not connecting these particles,
combustion processes, and EPFR. If this finding is confirmed at other sites, nucleation size particles could
serve as marker for changes in local combustion emissions. Especially as it can be expected, that the
seasonality in EPFR size distribution may also appear at other sites than Mainz and Linfen, if these are
studied over a longer period with size resolved particle collection. A particular finding in the seasonality of
Mainz is, that we found pronounced changes in EPFR while PM concentrations and size distribution were
relatively stable (Table S3). In other words there are only small variations in the quantity of PM in Mainz,
but the sources may change considerably across seasons. As outlined above, enhanced combustion could
be an explanation for the increase in wintertime EPFR, while sources of the spring and summertime PM
with small spin content could be more similar to Hyytidld and ATTO. Bioaerosols are an unlikely
explanation due to the small amount of coarse particles collected. Other sources with increased emissions
in spring and summer could be SOA or ammonia from agricultural activities or forests, which dominate the
direct environment of the sampling site and could contribute to fine particle formation. Together, this
emphasis the need for long-term measurements of size-resolved EPFR, which may yield insights into
sources of EPFR in different.

Figure 4a shows the mean volumetric spin concentration in PM for different seasons in Mainz. Therein,
we found for winter the highest EPFR concentrations (2.52 x10'> m?), followed by autumn (1.14 x10'> m™),
summer (0.67 x10'> m3), and spring (0.51 x10'> m™). This seasonal variability of EPFR in PM;o may
mainly be caused by changes of submicrometer PM composition as outlined in the paragraphs above, which
is supported by the similar temporal EPFR distribution pattern between PM»,s and PM, (Figure S15)
compared to Figure 4. Furthermore the contribution of coarse PM to the EPFR content decreases from 11%
respectively 16% in spring and summer to only 4% in winter (8% in autumn). Another indicator for the
central role of fine particles in the seasonality is, that changes of EPFR in coarse particles contribute less
than 10% to the overall change from summer and spring to autumn and winter. As a result we conclude,
that Mainz air in spring and summer contains less EPFR than in autumn and winter due to changes in
submicron PM composition.

With respect to the mass—specific spin concentrations (Figure 4b), we found the same trend as for the
volumetric concentration in Mainz: The winter EPFR concentration (1.85 x10'! ug) is substantially higher
than autumn (0.65 x10'" ug™), summer (0.41 x10'" pg™), and spring (0.45 x10'' ug™). As both volumetric
and mass-specific EPFR revealed similar trends, the PM mass concentration should remain relatively
constant. This is in fact, what our results in Mainz show: the average is comparatively stable (13-17.5 pg
m), with winter PM mass exhibiting the lowest concentrations. Accordingly, while varying sources and
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outside temperatures may not have a strong impact on average PM levels across seasons in Mainz, the
EPFR content of ambient PM increased especially in winter.

The described seasonality of the mass-specific spin concentration in Mainz can also be compared to
investigations in Xi’an and Beijing (Xu et al., 2020; Chen et al., 2019a; Wang et al., 2019). Those three
studies observed the highest mass normalized concentrations in PM> s in spring, which is different from the
pattern in Mainz (Figure 4b). This difference is reasonable because as outlined above, PM concentrations
in Mainz do not increase in winter. To the contrary, cities like Beijing and Xi’an are known to experience
increases in PM pollution in winter (Cheng et al., 2016; Shao et al., 2018; Shen et al., 2009). Consequently,
combustion from heating in Mainz may be replacing other sources of PM and therewith increase the mass-
specific spin concentration in winter as discussed above. In the same season in Beijing and Xi’an other
sources like secondary nitrate and sulfate formation may result in increased ambient PM mass
concentrations, therewith potentially diluting mass-specific spin concentrations. Another process, that
might contribute to the lower mass-specific concentrations in Beijing and Xi’an in winter, is poisoning of
trace metals by sulfate ions, which was found to prohibit EPFR formation (Feld-Cook et al., 2017). In other
words, mass-specific EPFR concentrations in Mainz are highest in winter, which is different from Beijing
and Xi’an due to varying sources of EPFR and PM.

Moreover Chen et al. (2019a) reported the following order of monthly resolved volumetric spin
concentrations for PM, s in the city of Xi’an in central China: winter (210 x10'> m~) > spring > summer,
autumn (70 x10'? m®). Their trend across the different seasons is in reasonable agreement with our findings,
thus wintertime air in urban environments seems to contain more EPFR than other seasons. This is also
supported by other results for Xi’an (Wang et al., 2019) and Beijing (Xu et al., 2020), who reported a
maximum in winter respectively a minimum in summer. In between these studies the degree of variation in
between the seasons ranges from a factor 2 (Wang et al., 2019) to more than one order of magnitude (Xu et
al., 2020). This may be a consequence of the varying degree to which other sources, like meteorology, dust
intake, or biogenic emission can compensate the lower combustion emissions in warm seasons. Naturally,
this is likely to be also dependent on the local extent and prevalent form of heating activities in winter.
Taken together, with onset of the heating time in winter volumetric spin concentrations are increasing,
which illustrates how combustion processes contribute to PM composition and therewith abundance of
EPFR.

Airway deposition of EPFR

With the obtained detailed insights into EPFR size distribution in Mainz, we estimated the deposition
potential in the lung upon inhalation (Figure 5). Using the Multiple-Path Particle Dosimetry Model (MPPD)
(Asgharian et al., 2001), we differentiated the deposition potential into 3 compartments of the lung as
shown in Figure 5a: head (green) representing mouth, nose, and throat, tracheobronchial (blue) being the
distributing network, and lastly the pulmonary region (red) including the alveoli.

For the deposition potential of Mainz PM (Figure 5c), we found that submicrometer particles (PM;) are the
major fraction of Mainz PM o mass that can be deposited in the airways. More specifically, PM; (fine
particles) accounts for 74% of the total deposition potential of PM and still 54% of PM o mass depositing
in the airways are ultrafine particles (<0.1 um). Moreover a small fraction of all particles in Mainz air is
depositing in the head area (12%), which is about half the particle mass depositing in the tracheobronchial
(22%) and pulmonary region (19%). There is an extensive body of literature describing the deposition
behavior of PM in the airways (Kreyling et al., 2007; Rostami, 2009), which is why we do not go more into
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these details. Overall our results agree well with the findings in those reports especially the outcome, that
a majority of PM potentially depositing in the airways is smaller than 2.5 pm.
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Figure 5: Estimated lung deposition potential of EPFR and PM for Mainz. (a) Schematic illustration of different sections
of human airways with the following color code: green for head, blue for tracheobronchial tree, and red for pulmonary.
(b) Deposition potential of EPFR in PMo.1, PM1, PM2.s, and PM o, in different regions of human airways. (c) Deposition

potential of PMo.1, PM1, PM2s, and PMyo in different regions of human airways. The values for PM2 s are estimated taking
all sampled stages for PM smaller than 1.8 pm and half of the stage covering 1.8-3.2 pm into account.

For the airway deposition potential of EPFR in Mainz PM (Figure 5b) we found that about 6 x10'" spins
per m? inhaled air are potentially depositing (43% of EPFR). More concretely, we found a very similar
deposition potential as for PM: 92% of airway depositing EPFR in PM o are associated to fine particles,
with 47% being in ultrafine particles. Furthermore we found that the majority of potentially depositional
EPFR in Mainz are reaching either the tracheobronchial (2.5 x10"' m™) or pulmonary region (2.7 x10'"' m-
%), only 15% were found to deposit in the head region. This is particularly pronounced due to the small
EPFR content in coarse particles (> 1 um) in Mainz, which are more likely to deposit in the head region
than smaller particles (Table S17). Accordingly, in environments with larger particles, their contribution
might be substantially higher. Chen et al. (2020) have recently investigated the lung deposition of EPFR
for such an environment with a higher proportion of EPFR in coarse particles namely Linfen in China.
Consequently, they reported that about half of EPFR would be depositing in the upper airways. To our
knowledge these are the only two studies to investigate lung deposition of EPFR. The differences in
between Mainz and Linfen underline the importance of a more comprehensive understanding of EPFR size
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distributions in different environments, to asses where these radicals are potentially depositing in the human
airways and which role EPFR may play in the adverse health effects of particulate matter.

Conclusions

Within the scope of this study, we have analyzed the occurrence and size distribution of ambient EPFR
from remote to urban environments. Furthermore we have investigated seasonal changes of EPFR in a
suburban site in Mainz, Germany.

All studied sites had detectable concentrations of EPFR, even very remote sampling sites like the Amazon
Tall Tower Observatory (ATTO), Brazil, or the SMEAR 1I station in Hyytiil4, Finland. Therein we found
a positive correlation between volumetric EPFR spin concentration and PM mass concentration, in between
the different sites.

The size resolved EPFR concentrations are highly variable in their distributions in different environments.
In urban and suburban environments, most EPFR can be found in fine particles (<1 pm), but while Mainz
shows a pronounced accumulation mode, Guangzhou PM has the highest concentrations in particles with
about 1 um diameter and also Beijing reveals a different pattern with high EPFR concentrations in particles
larger 3 pm and smaller 1 ym. Among the remote environments with little anthropogenic influences,
Hyytiédla PM also contains most EPFR in fine particles, while at the ATTO site coarse particles have the
highest EPFR concentrations.

In these 2 remote places, there are almost no local combustion processes, which could contribute to the
formation of fresh EPFR. Therewith in such environments other sources than combustion may be the
dominating formation pathways of EPFRs. This could include secondary processing of secondary organic
aerosols and primary biological aerosols (PBA) potentially involving photochemistry. Indications for this
include a significant difference of the g-value between remote and urban environments, a case study of long
range transported dust having little influence on ATTO EPFR concentrations, and preliminary experiments
demonstrating the ability of PBA to contain EPFR.

A closer look at Mainz EPFR concentrations across seasons suggests, that there is a pronounced seasonality:
Winter PM has a much higher mass-specific spin concentration than others seasons, while PM levels are
largely unchanged. More concretely there is a pronounced increase in EPFR concentrations in
accumulations size particles (<0.6 um) and ultrafine particles (0.02-0.03 um). This suggests changes in
local sources of PM that have a pronounced impact on EPFR. These observation converge with increased
heating activities in cold seasons (autumn and especially winter), which can be expected to have a
substantial impact at the site. Lastly we estimated the airway deposition potential of EPFR and found a
comparable distribution of airway deposition of EPFR and PM: A majority of radicals are likely to penetrate
deep into the lung, particularly into the tracheobronchial tract, therein most EPFR potentially depositing
are smaller than 2.5 pm.

Overall this study provides unprecedented insights into size-resolved EPFR abundance in different
environments, revealing new clues about the variability of this emerging class of pollutants from remote
sites to megacities. The data may help to improve the understanding about EPFR sources, its role in
atmospheric processing as well as their relevance for the health effects of particulate matter.
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Size distribution and regional variations of environmentally persistent free

radicals (EPFR) in air particulate matter
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Figure S1: Log-normalized size distribution of EPFR spin concentration in particulate matter from remote tropical
and boreal forests (ATTO, Brazil; Hyytidléd, Finland) to moderately and heavily polluted urban areas (Mainz,
Germany; Beijing/Guangzhou, Beijing/China). Panels on the left show the size distribution per unit air volume
(volumetric concentration, Cyspins)), panels on the right show the size distribution per unit mass of particulate matter
(mass specific concentration, Cispins)). All values are normalized by the size of the respective sampled particle
diameter range (logDp). Therewith the area of the columns scales directly with the amount of EPFR. Error bars
represent uncertainties based on the standard error of the mean.

Lognormal EPFR Size-Distribution

Figure S1 shows the size distribution of EPFR normalized by the range of sampled particle sizes (logDy).
Panels on the left side show volumetric - (Cyspins)» Spins per sampled air volume, i.e. spins m~) and panels
in the right side mass-specific (Cuspins), Spins per sampled particle mass, i.e. spins pg™') spin concentrations
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in PM from different environments. Results will be discussed in two groups, sorted by the available size
resolution for submicrometer particles: Beijing, Guangzhou, and Hyytiélé are group 1, Mainz and ATTO
are group 2 details about the different samplers can be found in the methods section.

For group 1 we have only limited information about the distribution within the fractions captured by back-
up filters (<1 um for Hyytidld and < 0.4 um for Beijing and Guangzhou). Nevertheless, we found that in
Hyytidld submicrometer particles (fine PM) contain most EPFR (1.9 x 10'! m™), followed by 1-2.5 um
particles (0.6 x 10'! m™), and particles larger 2.5 um containing only 0.2 x 10'! spins m?. This is true for
the volumetric distribution, accordingly most EPFR in Hyytidld are in fine PM (see also Figure S8).
Furthermore Figure S1 shows, that with regard to the mass-specific spin concentrations, particles between
1 and 2.5 um have the highest EPFR concentration (1.0 x 10'' ug™"). Compared to the other 2 sites in this
group Hyytidld PM contains in all size ranges substantially less EPFR than Beijing and Guangzhou.

Even though these 2 sites are both located in large Chinese cities, we found that the EPFR distribution
exhibits pronounced differences. More concretely in Beijing we found that particle fractions larger than 2.1
um contain constantly high volumetric spin concentrations (87-145 x 10" m™). Furthermore, around 1 pm
we found a minimum in volumetric spin concentration (36 x 10'! m?), while PM smaller 0.7 um exhibited
again higher EPFR concentrations 77-84 x 10'! m?. Different from this, the size distribution for Guangzhou
samples shows a steady increase in the lognormal spin abundance towards particle diameters 0.7-1.1 pm
(29 x 10" m™). In the particle fraction smaller than 0.4 um (7 x 10" m~) and in particles with 5.8-9 pm
diameter (10 x 10'! m~) we found the smallest volumetric spin concentrations. Nonetheless due to the wide
particle range covered in the < 0.4 um PM fraction, about 1/3 of all EPFR is found in this fraction in
Guangzhou, which is roughly the same as in particles between 0.7 and 2.1 um (49 x 10" m™). Therewith
also in the two cities in this group a majority of 57% of EPFR were found in particles smaller 1 pm (Figure
S8).

With respect to the mass-specific spin concentration, we found comparable size distributions to the
volumetric measure: Beijing particles contain high spin concentrations in PM larger 2.1 pm and with 0.4-
0.7 um (5.4-9.1 x 10" pug™), while Guangzhou PM displays a maximum around 0.7-1.1 pm (8.5 x 10" ug™).
Interestingly we found that the values of dCyspins/dlogD, do not vary strongly in between Beijing and
Guangzhou, only the smallest size fraction shows a much higher EPFR content in Beijing (0.6 x 10" ug’!
in Guangzhou and 2.8 x 10" ug™! in Beijing). This similarity in the mass specific spin concentration in
Guangzhou and Beijing is surprising, because the two sites have pronounced differences in PM sources and
local atmospheric chemistry (Zhang et al., 2015). An explanation for that observation could be competing
effects, which balance each other out in this particular case: stronger relative contributions from combustion
and heating activities may increase the EPFR concentration per particle mass (Vejerano et al., 2018), on
the other hand different PM constituents like SOs* could quench some of these radicals
(Feld-Cook et al., 2017).

Moreover the results from Hyytiéld suggest, that in such a remote environment the shortage of combustion
sources (Hari et al., 2005) may results in decreased mass-specific spin concentration. Nevertheless we found
a significant amount of EPFR even at this boreal site, where typically secondary organic aerosols (SOA)
are the dominating PM source. Therewith in such remote places, SOA could contribute significantly in
producing persistent radicals upon photoexcitation (Chen et al., 2019b; Li et al., 2020) or during oxidation
(Tong et al., 2018). The observed higher volumetric spin concentrations in fine particles at Hyytiédld could
be another argument for this EPFR formation pathway from SOA. On the other hand the EPFR in fine PM
in Beijing and Guangzhou (Figure S8) could originate predominantly from local combustion sources
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(Wang et al., 2019). Therewith the complex interplay of different EPFR and PM sources may be the
explanation for the variations in spin concentration as well as their size distribution.

The size resolutions of EPFR in Mainz and ATTO in Figure S1 enable more insights into variations of spin
concentrations in fine particles due to their resolution down to 10 nm. Therein we found for the volumetric
spin distribution in Mainz that coarse particles contain 0.53-0.94 x 10" spins m? (PM larger 1 um), while
most EPFR are in 0.056-0.560 pm particles (7.0-12.9 m3 x 10'! m). Interestingly, we found EPFR also in
ultrafine particles (<0.05 pum) in Mainz, which is to the best of our knowledge the first report about EPFR
in such small particles (0.010-0.056: 1.0-7.0 x 10" m™). These very small particles are particularly
susceptible to particle bouncing from higher stages, but we found consistently a significant amount of EPFR
even in the smallest stage (10-18 nm), which is why we are confident about the occurrence of EPFR in
ultrafine particles. On the contrary in ATTO PM, we found the highest EPFR concentrations in 3.2-10 pm
particles (6.8-9.4 x 10" m) and together with 1.0-3.2 um particles (1.7-3.8 x 10'" m™) coarse PM contains
62% of EPFR at this remote site. We found that fine particles contain 0.7-2.9 x 10! spins m™ and do not
show a pronounced variability in between the fractions.

Panels on the right side in Figure S1show for the Mainz mass-specific spin distribution in 1-10 um particles
0.7-1.1 x 10" spins pg', in 0.056-0.560 um particles 4.5-12.2 x 10" spins pg”, and in 0.010-0.056 pm
particles 0.7-4.2 x 10! spins pg'. For the ATTO side we found in 1-10 pm particles 1.3-5.3 x 10! spins
ug! and in fine particles 0.8-2.3 x 10'! spins pg™'. Therewith ATTO and Mainz show for the mass-specific
just like in the volumetric spin distribution an opposing trend.

Variability of EPFR Abundance

As opposed to the size distribution pattern, total concentrations show a pronounced variability as can be
seen for the Mainz dataset (Figure S9). These data cover a timeframe of 31 months, during which we have
sampled in varying reoccurrences. But independently whether we collected on consecutive dates or with
several weeks offset, concentrations scatter over one order of magnitude. Nevertheless, the coarse particle
fraction consistently has a significantly lower concentration of EPFRs than fine particles. Whereby the more
pronounced variability of the coarse mode concentration is attributable to higher measurement uncertainties
approaching the limit of detection for a number of the respective samples. Comparing the variation based
on mass and volume normalization, the former is substantially more conserved. Accordingly it seems, that
the variations in number concentration may have a dominating influence on the day to day variations in
EPFRs concentration.

Sampling Efficiencies at Different Locations

To note, at different sampling locations, we used different aerosol samplers, which may have resulted in
varying collections efficiencies for particles with the same size. Especially for submicron particles, the
MOUDI used in Mainz and ATTO can be expected to have different collection characteristics than the
back-up filter in the sampling devices used in Hyytiéld, Beijing, and Guangzhou. For our analysis we
assume that the back-up filter are efficiently collecting down to 10 nm. Another factor that may have
influenced the sampling efficiency across the different locations are the varying sampling times. Longer
sampling may have an effect on particle bouncing between stages or retention of collected particles on filter
stages (Bateman et al., 2014). In order to capture these influences, we compared the collected particle
masses for different sites with data from scanning mobility particle sizers (SMPS), which were not
permanently available for all sites (TSI model 3080 in ATTO, Grimm model 5.416 in Mainz) and optical
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particle sizer (OPS, model 3330, TSI Inc. Shoreview, MN, USA in ATTO). The SMPS data have been
processed using the TSI software (aerosol instrument manager - AIM). These controls revealed a reasonable
agreement between particle distributions obtained by online SMPS measurements and differential weighing
of the filters before and after sampling (Figure S12). Only for the ATTO site differential weighing resulted
in substantial discrepancies to the SMPS data, which may be related to the very low sampled PM mass per
filter during the clean Amazonian wet season and the especially high humidity at this location. That is why,
for ATTO we decided to rely on the SMPS data for mass normalizations to PM o and PM, 5. Furthermore,
the losses of very small and very large particles in the sampling line are biggest due to diffusion respectively
impaction losses. Based on the different sampler designs at the locations we performed estimations of
sampling losses, which did not reveal substantial differences in between the sites. An exemplified output
for Mainz can be found in Figure S11 a representative estimation for ATTO can be found in Moran-Zuloaga
et al. (2018).
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Figure S2: Panels on the left show the mass concentration of particulate matter per unit air mass at the different sites
in this study. Values are based on differential weighing of filters as described in the experimental section. Panels of
the right side show the lognormalized mass size distribution functions for the different sites in this study (dM/logD,,).
The area of the columns in right side panels scales directly with the mass of particulate matter, as opposed to panels
on the left side, where the width only indicates the range of the sampled particle sizes and not with PM mass
concentration. Error bars represent the standard error of the mean.
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Figure S9: Inter sample variation of PM1 collected with an Impactor in Mainz, over the whole sampling period.
Seasons are separated by grey, vertical, dashed lines. Filled red squares represent fine particles with a diameter smaller
than 1 um; open blue squares represent coarse particles with a size in between 1 and 10 pm. Whenever we have
multiple samples for one month, the squares represent an average — corresponding months are marked with *. The
horizontal red and blue line represent the average spin concentration of the respective particle fraction.
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Figure S10: Size distribution of EPR spectral properties of radicals in PM from different sites: (a-e) average g-value
of the quantified EPFR signal; (f-i) average peak to peak width of the EPFR signal. Grey shaded areas indicate the
standard error of the mean.
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Figure S11: Particle loss during sampling with the assembled inlet line and dryer for the sampling site in Mainz with
the described MOUDI. Calculated by the particle loss calculator 2.0 (Van der Weiden et al., 2009). Assuming a flow
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Figure S12: Intercomparison of the expected mass collected on filters estimated based on results from online aerosol
instrumentation (SMPS respectively OPS as described in the experimental section) compared to the PM mass obtained
by differential weighing of the empty and loaded filter for selected samples.
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of EPFR in different untreated pollen.
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Figure S15: Average spin concentrations in different size fractions of Mainz PM shown for all seasons. (a)
Volumetric and (b) mass-specific spin concentrations of EPFR in Mainz PM; (particles smaller 1 pm) from different
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Table S1: Meteorological conditions during the storm in Mainz described in Figure S53.

Conditions Feb-20_1 (pre storm) Feb-20_2 (storm) Feb-20_3 (post storm)
Wind speed (km/h) 5.8 33.1 18.6
Temperature (K) 277 280 277
Air pressure (mbar) 1022 1007 1012
Precipitation (L m-z) 2.77 3.73 1.93

Table S2: Average volume-specific spin concentration of EPFRs in Mainz. Values are sorted by the lower cut off
diameter of the respective stage of the sampler. Before the first stage, a preseperator filtered all particles larger than
18 um away.

Cut off (um) Mainz volumetric spin concentration (x10'° spins m3)
Average Spring Summer Autumn Winter

10 1.36 0.13 1.33 1.72 1.65
5.6 1.65 0.65 1.98 2.31 1.48
32 2.11 0.86 2.61 3.02 1.50
1.8 2.36 3.53 2.58 1.66 2.37
1 2.01 0.48 3.85 2.06 2.26
0.560 4.74 1.26 1.60 2.51 11.1
0.320 31.0 1.71 2.85 16.5 82.1
0.180 32.2 15.7 15.3 31.8 57.3
0.100 27.6 14.9 21.6 28.9 39.7
0.056 17.6 11.7 11.4 17.1 27.2
0.032 2.81 1.92 4.59 4.79 4.13
0.018 17.5 1.39 3.17 17.1 27.5
0.010 2.65 0.96 2.70 3.01 5.21

Table S3: Average volume-specific spin concentration of EPFRs and PM mass concentration in ATTO. Values are
sorted by the lower cut off diameter of the respective stage of the sampler. Before the first stage, a preseperator
filtered all particles larger than 18 um away.

Volumetric spin PM mass
Cut off (um) concentration (ug m>)
(x10'° spins m™)

10 5.54 1.14
5.6 17.2 1.55
32 22.9 2.76
1.8 9.62 2.44
1 4.28 1.79
0.560 4.33 1.41
0.320 6.98 1.91
0.180 4.39 1.48
0.100 2.04 1.19
0.056 3.85 1.18
0.032 3.66 1.45
0.018 6.43 1.13
0.010 1.83 0.76
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Table S4: Volume-specific spin concentration of EPFRs and particulate matter in Hyytidld. Values are sorted by the
upper cut off diameter of the respective stage of the sampler.

Cut off (um) Volumetric EPFR spin PM mass concentration
concentration (x10' spins m3) (ug m3)
10 2.11 3.35
2.5 1.17 1.88
1 2.53 0.96
0.01* 37.6 3.25

Table S5: Average PM mass concentration in Mainz and in the ATTO. Values are sorted by the lower cut off
diameter of the respective stage of the sampler. Before the first stage, a preseperator filtered all particles larger than
18 um away.

Cut off (um) Mainz PM mass concentration (ug m)
Average Spring Summer Autumn Winter

10 0.69 0.65 0.71 0.85 0.64
5.6 0.83 0.61 1.15 1.10 0.54
32 1.10 0.87 1.23 1.33 0.85
1.8 1.28 1.24 1.33 1.68 0.94

1 1.26 0.85 1.37 1.42 1.54
0.560 1.44 1.02 1.13 1.53 1.73
0.320 2.62 2.15 1.78 2.78 3.31
0.180 241 2.27 2.63 2.57 2.11
0.100 1.49 1.46 1.86 1.44 1.29
0.056 1.01 1.11 1.23 0.87 0.89
0.032 1.63 2.20 2.68 2.31 0.57
0.018 1.74 2.52 3.49 1.43 1.05
0.010 1.54 2.49 2.90 1.08 1.03

Table S6: Average volume-specific spin concentration of EPFRs and Particulate matter in Guangzhou and Beijing.
Values are sorted by the lower cut off diameter of the respective stage of the sampler. Before the first stage a
preseperator removed particles larger than 10 pm.

Guangzhou Beijing
Cutoff (um) | LpER (x10' spins m?) | PM (ug m?) | EPFR (x10"spins m®) | PM (ug m?)

9 175 6.43 302 2371
5.8 18.5 5.72 228 23.63
47 9.06 238 98.8 17.94
33 18.8 438 223 19.44
2.1 233 5.78 171 18.55
1.1 56. 5.8 105 17.33
0.7 56.7 436 703 15.20
0.4 26.9 9.76 205 25.50
0.01% 105 16.59 1230 29.75

162




Table S7: ATTO sampling parameters, collection times, and volumes. Details about the location of the sampling
site and the used instrumentation can be found in the method section.

Sample ID Sampling date Sampling time Flow rate Sampling volume
(h) (L min™) (m?)
ATTO-Week 1 | 27,03.17,19:15 —01.04.17, 15:37 116.37 9.76 68.14
ATTO-Week 2 | 02.04.17, 18:30 - 09.04.17, 14:04 172.43 9.81 101.44
ATTO-Week 3 | (09.04.17, 14:55 - 16.04.17, 14:09 167.23 9.82 98.48
ATTO-Week 4 | 16,04.17, 15:08 - 25.04.17, 12:03 212.92 9.83 125.51

Table S8: Hyytiédld sampling parameters, collection times, and volumes. Details about the location of the sampling site
and the used instrumentation can be found in the method section.

Sample ID Sampling date Sampling time Flow rate Sampling volume
(h) (L min™") (m’)
Hyy-01 31.05.17, 8:37 - 02.06.17, 9:28 48.85 30 87.93
Hyy-02 02.06.17, 9:28 — 05.06.17, 8:09 70.81 30 127.46
Hyy-03 07.06.17, 8:41 — 09.06.17, 7:32 22.85 30 41.13
Hyy-04 09.06.17, 7:32 — 12.06.17, 8:31 73.17 30 131.71
Hyy-05 12.06.17, 8:31 — 14.06.17, 8:14 47.72 30 85.90
Hyy-06 19.06.17, 8:13 — 21.06.17, 7:48 23.58 30 42.44
Hyy-07 21.06.17, 7:48 — 26.06.17, 7:47 119.98 30 215.96
Hyy-08 26.06.17, 7:47 — 28.06.17, 7:49 48.32 30 86.98
Hyy-09 28.06.17, 7:49 — 30.06.17, 6:48 22.98 30 41.36
Hyy-10 30.06.17, 6:48 — 03.07.17, 7:48 73.00 30 131.40
Hyy-11 03.07.17, 7:48 — 05.07.17, 8:48 49.00 30 88.20
Hyy-12 07.07.17, 7:05 — 10.07.17, 9:02 73.95 30 133.11
Hyy-13 10.07.17,9:02 - 12.07.17, 8:11 47.78 30 86.00
Hyy-14 12.07.17, 8:11 — 14.07.17, 6:59 46.8 30 84.24
Hyy-15 14.07.17, 6:59 — 17.07.17, 7:50 72.85 30 131.13
Hyy-16 17.07.17,7:50 - 19.07.17, 7:59 48.15 30 86.67
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Table S9: Mainz sampling parameters, collection times, and volumes. Details about the location of the sampling site
and the used instrumentation can be found in the method section.

Sample ID Sampling date Sampling time Flow rate Sampling volume
(h) (L min™) (m?)

Aug-17_1 22.08.17, 17:15 — 24.08.17, 14:55 45.67 30 82.21
Aug-17_2 26.08.17, 11:30 — 28.08.17, 11:15 47.75 30 85.95
Aug-17_3 28.08.17, 11:45 —30.08.17, 10:50 47.09 30 84.76
Sep-17 25.09.17, 14:50 — 27.09.17, 17:15 50.25 30 90.45
Oct-17 25.10.17, 11:30 — 27.10.17, 17:30 54.00 30 97.20
Nov-17 14.11.17,11:00 — 16.11.17, 7:21 44.35 30 79.83
Feb-18 01.03.18, 14:30 — 03.03.18, 17:30 51.00 30 91.80
Mar-18 14.03.18, 9:40 — 15.03.18, 18:00 32.33 30 58.19
Apr-18 29.03.18, 16:30 — 31.03.18, 16:30 48.00 30 86.40
May-18 25.05.18, 10:00 — 27.05.18, 16:40 54.70 30 98.46
Jun-18_1 05.06.18, 10:00 - 07.06.18, 9:20 47.30 30 85.14
Jun-18_2 19.06.18, 12:50 — 21.06.18, 9:20 44.50 30 80.10
Jun-18_3 27.06.18, 12:10 — 29.06.18, 11:00 46.84 30 84.31
Jul-18 16.07.18, 11:00 — 18.07.18, 11:30 48.50 30 87.30
Aug-18 23.07.18, 12:10 — 25.07.18, 13:50 49.67 30 89.41
Sep-18_1 17.09.18, 11:53 — 19.09.18, 15:45 51.78 30 93.20
Sep-18_2 19.09.18, 15:50 — 21.09.18, 14:42 46.87 30 84.37
Oct-18_1 18.10.18, 14:00 —20.10.18, 13:00 47.00 30 84.60
Oct-18_2 31.10.18, 11:20-02.11.18, 11:20 48.00 30 86.40
Nov-18 21.11.18, 14:30 — 23.11.18, 15:15 48.72 30 87.70
Jan-19 15.01.19, 11:20 — 17.01.19, 12:40 49.33 30 88.79
Feb-19 13.02.19, 9:00 — 15.02.19, 12:15 51.25 30 92.25
Mar-19 18.03.19, 17:59 — 21.03.19, 10:00 63.98 30 115.16
Apr-19 23.04.19, 11:49 —25.04.19, 14:14 50.42 30 90.76
May-19 24.05.19, 18:30 — 27.05.19, 9:40 63.17 30 113.71
Jun-19 17.06.19, 16:17 — 19.06.19, 15:00 46.72 30 84.10
Jul-19_1 01.07.19, 18:11 — 03.07.19, 15:44 45.55 30 81.99
Jul-19_2 15.07.19, 12:14 - 17.07.19, 15:57 51.72 30 93.10
Aug-19 12.08.19, 10:49 — 14.08.19, 15:00 52.82 30 95.08
Sep-19_1 02.09.19, 14:54 — 04.09.19, 17:54 51.00 30 91.80
Sep-19_2 11.09.19, 18:08 — 13.09.19, 17:10 47.03 30 84.65
Oct-19 10.10.19, 15:40 — 12.10.19, 11:54 44.23 30 79.61
Nov-19 20.11.19,11:00 - 11.11.19, 15:00 52.00 30 93.60
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Dec-19_1 02.12.19, 14:18 — 04.12.19, 13:25 47.12 30 84.82
Dec-19_2 04.12.19, 13:55 - 06.12.19, 15:01 50.10 30 90.18
Dec-19_3 09.12.19, 11:25 - 11.12.19, 13:45 50.33 30 90.59
Dec-19_4 11.12.19, 14:00 — 13.12.19, 16:30 50.50 30 90.90
Dec-19_5 16.12.19, 14:40 — 18.12.19, 15:10 48.50 30 87.30
Dec-19_6 18.12.19, 15:30 — 20.12.19, 15:30 48.00 30 86.40

Jan-20 14.01.20, 11:20 - 16.01.20, 14:25 51.16 30 92.09
Feb-20_1 07.02.20, 13:49 — 09.02.20, 15:16 49.45 30 89.01
Feb-20_2 09.02.20, 15:32 - 11.02.20, 17:30 49.97 30 89.95
Feb-20_3 11.02.20, 17:45 - 13.02.20, 16:15 46.50 30 83.70

Table S10: Guangzhou sampling parameters, collection times, and volumes. Details about the location of the sampling
site and the used instrumentation can be found in the method section.

Sample ID Sampling date Sampling time (h) Flow rate (L min!) Sampling volume (m?)
Guang-01 01.11-06.11.2017 48.85 26 187.28
Guang -02 06.11-11.11.2017 70.81 26 187.36
Guang -03 21.11-26.11.2017 22.85 26 189.28
Guang -04 26.11-01.12.2017 73.17 26 186.86
Guang -05 03.12-08.12.2017 47.72 26 189.77
Guang -06 08.12-13.12.2017 23.58 26 172.33
Guang -07 13.12-18.12.2017 119.98 26 185.67
Guang -08 18.12-23.12.2017 48.32 26 188.01

Table S11: Beijing sampling parameters, collection times, and volumes. Details about the location of the sampling
site and the used instrumentation can be found in the method section.

Sample ID Sampling date Sampling time (h) | Flow rate (L min) | Sampling volume (m’)
Beijing-01 | 29.08.17, 9:01 — 30.08.17, 9:01 24 15-17 23.04
Beijing-02 | 30.08.17, 9:30 — 31.08.17, 8:41 23.18 15-17 2225
Beijing-03 | 03.09.17, 8:40 — 04.09.17, 8:34 23.90 15-17 22.94
Beijing-04 | 04.09.17, 8:56 — 05.09.17, 8:14 23.30 15-17 2237
Beijing-05 | 06.09.17, 8:31 —07.09.17, 8:44 24.22 15-17 23.25
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Table S12: Lung deposition fractions: Output from MPPD Model, with the conditions described in the method section.
Cut off diameters are indicative of the lower threshold of particle sizes modelled in the respective interval.

Cut off Total Head Tracheobronchial Pulmonary
(um) deposition deposition deposition deposition
10 99% T7% 21% 0%
5.623 95% 58% 30% 8%
3.162 81% 36% 19% 26%
1.778 52% 19% 11% 22%
1.000 29% 8% 8% 13%
0.562 21% 4% 7% 9%
0.316 21% 3% 8% 10%
0.178 28% 4% 10% 14%
0.100 40% 5% 14% 21%
0.056 55% 4% 21% 30%
0.032 T1% 7% 30% 34%
0.018 81% 11% 43% 28%
0.010 87% 19% 56% 13%
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3.6 The Role of Environmentally Persistent Free Radicals Indoors

This chapter represents the current draft of a manuscript in preparation for submission as a letter article in
a peer reviewed journal. I have planned in exchange with the coauthors the sampling of PM conducted in
this study. Furthermore, I personally did the sampling of outdoor PM and analysis of all samples by EPR
spectroscopy including all exposure experiments. Moreover, I analyzed all data, prepared all figures, and
coordinated the discussion of all people involved about the results. The presented version of the text is
largely my initial draft, describing the results and implications of the findings. Also I integrated the literature
about indoor environments together with the literature about EPFR, which is the basis for this study.

Environmentally persistent free radicals in indoor air, dust, and on surfaces
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! Multiphase Chemistry Department, Max Planck Institute for Chemistry, 55128 Mainz, Germany
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169



Abstract

Environmentally persistent free radicals (EPFR) are an emerging class of constituents in particulate matter
(PM), which play a role in PM toxicity and multiphase chemistry. Their abundance has been investigated
in a number of laboratory studies and outdoor locations globally, but their prevalence indoors remains
unstudied. Here we show EPFR are present in similar concentrations in indoor and outdoor PM, as well as
on indoor surfaces and dust in a case study home, with the highest surface loadings observed on windows.
These radical reservoirs are likely rapidly cycling and are shown to evolve with typical indoor summertime
ozone exposure. We show that at the observed concentrations, the indoor PM, surfaces, and dust are
reservoirs of reactivity in multiphase systems due to their EPFR content as their radical concentration
exceeds that of typical indoor radical sources. These results warrant further consideration of EPFR
reservoirs in indoor chemistry studies and models with implications for inaccessible or unseen spaces within
the building envelope that will accumulate larger organic coatings and dust over time.

Introduction

With humans spending 90% of their time in enclosed spaces,' indoor multiphase chemistry is a key
consideration for human health and well-being. The indoor environment has an abundance of reservoirs
and surfaces for multiphase chemistry (e.g. condensed and aqueous phases) with greater overall organic
loadings than outdoors, which thus play a larger role in physical-chemical processes.>* Films comprised of
organic and inorganic compounds accumulate on airborne particles, surfaces, and dust in all occupied
spaces and air handling systems (e.g. ducts), and include primary and secondary organic compounds, soot,
and transition metals (esp. in dust) that originate from a mix of outdoor and indoor sources.*

These accumulated layers on surfaces, particles, and dust are a key part of the indoor multiphase system
with close interactions with the gas phase—both near-surface and beyond. Organic chemistry at the surfaces
of aerosols is known to be important, but the role of other surfaces in the built environment is largely
unstudied. However, surfaces are known to be important sources of emissions and sinks for deposition of
aerosols and gases, and studies on inorganic HONO chemistry at the interface of surfaces has been shown
to be important for urban HONO chemistry.”® Reactive surfaces in rooms or air handling systems (esp.
filters) have been identified and studied as indoor sources of reactive oxidized species (e.g. carbonyls)
following ozonation.””!!

These organic and aqueous layers also represent potential, un-studied reservoirs for. Radicals and oxidants
are essential for initiating and propagating chemistry across all three phases in the atmosphere. Organic
oxidation chemistry is known to regenerate radicals (e.g. OH, HO2) that can lead to further oxidation of
other molecules, therein photochemistry is often an important source of radicals.'>!* More recently,
oxidized organic compounds generated as byproducts of oxidation (i.e. reactive oxygen intermediates (ROI))
have been shown to survive in the aerosol phase as environmental persistent free radicals (EPFRs).'* ! The
lifetimes of these EPFRs (~days-years) have the ability to retain and transport chemistry-initiating radicals
beyond the initial time and location of oxidation.'>!* These present major concerns for human health since
they can penetrate deep into lungs and even blood, causing oxidative stress,?**! but also in the atmosphere
as reservoirs of reactivity.???° Radicals previously observed in outdoor samples include oxygen-centered
organic radicals (e.g. CnHmOp¢), carbon-centered organic radicals (e.g. *CnHmOp), HOX (OH+HO2), and
superoxide (02-).222?" The formation is known to be very dependent on oxidation conditions, metal
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content, and precursor types. The molecular identities of the oxidized organics that lead to this radical
production are largely unknown, with the exception of quinones, semi-quinones and organic peroxides.!'*?8

While radical transport via EPFRs and ROS/RNS-generating species has been shown to be important for
in-lung chemistry and climate-related cloud chemistry,!®?222-30  their importance as reservoirs of
relatively stable oxidation-initiating compounds is likely to translate to indoor environments, both airborne
and as they accumulate on surfaces and in dust. Yet, the abundance of indoor multiphase radicals is
unknown, even as smog chamber surfaces exposed to chemistry are now known non-permanent sinks, but
temporary reservoirs for radicals and reactivity.

The overarching objective of this paper is an exploratory investigation of the presence and potential
implications of EPFR in suspended PM and on surfaces within a typical indoor environment. Specifically,
we (a) collect 20 indoor PM samples during Fall 2019 with concurrent outdoor samples from a background
site, and examine their EPFR content via electron paramagnetic resonance spectroscopy (EPR); (b) compare
airborne PM to surface and dust samples from the same environment; (c) expose a subset of samples to
typical indoor ozone and nitrogendioxide concentrations; and (d) examine the importance of indoor EPFR
on PM radical content and multiphase chemistry compared to common radical concentrations in PM.

Materials and Methods

Sampling of total suspended particles (TSP) was conducted at two locations in the city of Mainz, Germany:
one indoor in an apartment kitchen, the other one outside on the roof of the Max Planck Institute for
Chemistry. Details about the sampling sites and setup are available in the supporting material and in our
previous work.?> The TSP collection was done in parallel at both sites with sampling times ranging from 1-
7 days, see Figure S1 and Tables S1-S2 for details. Furthermore, we collected indoor surface samples from
the same apartment as the TSP samples (Table S3). For this purpose the respective surface was slightly
wetted with acetone and afterwards wiped with a filter. After collection all samples were stored in a
refrigerator at -20°C or -80°C until analysis.

To determine the collected particle mass we weighted the filter before and after collection with a high
accuracy balance (+/- 0.01 mg). For the analysis of our samples, we used a Bruker EMXplus X-Band
electron paramagnetic resonance spectrometer (EPR). Before measuring the filter we incubated them for
more than 1 hour in a dry N, atmosphere in a desiccator, to obtain consistent lattice conditions and prevent
humidity induced spin-lattice relaxation. After this conditioning step, the samples were cut out of their
frame with a scalpel, wrapped, and packed into a 2 mm ID quartz EPR tube. Afterwards the sample was
fixed in the EPR cavity, which was continuously flushed with a gentle N»-Stream. The following instrument
parameter were used for the measurements: 100 kHz modulation frequency, 9.84 GHz microwave
frequency, 2.149mW (20 db) microwave power, 30 db receiver gain, 81.92 ms time constant, 15.48 ms
conversion time, 3 G Modulation Amplitude, 10 scans, 80-300 G sweep width. Following these steps the
quantification of spins was performed with the Xenon software (Bruker) by double integration of baseline
corrected spectra.

Exposure of the collected particles to Ozone and NO; was performed online in the EPR by channeling the

respective gas mixture through a piece of filter. A detailed description is given in the supplementary
information, together with a sketch of the setup.
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Results and Discussion
EPFRs observed in indoor PM, dust, and surface samples

Particulate matter (PM) collected inside a residential apartment was found to contain similar concentrations
of environmentally persistent free radicals (EPFR) (Figure 1a) as at a reference outdoor site in the same
city (Mainz, Germany). In most cases, slightly higher volumetric concentrations were observed at the
outdoor sampling site, though they were not co-located. Nevertheless, some dates revealed more
pronounced divergence in between the two locations with either indoor or outdoor EPFR levels exceeding
the other environment. More in depth analysis showed that in the indoor site uninhabited periods may result
in lower volumetric spin concentrations than inhabited periods, but the difference is not very pronounced
(Figure S2b). This effect may be either connected to increased indoor activities that could contribute to
EPFR formation like cooking and heating or be induced by more regular ventilation resulting in more EPFR
intake from outdoor. However variations in indoor activities did not result in significant changes of EPFR
concentrations on the timescales analyzed in this study (Table S1). Furthermore Figure 1a shows that this
volumetric concentration of EPFR varied by more than one order of magnitude during the observation
period covering about 2 months of consecutive sampling (0.4-13.2 x10'? spins m~). Taken together we
found that indoor and outdoor PM EPFR concentrations are closely linked, with outdoor concentrations
often exceeding indoor levels (Figure S2a).
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Figure 1: Concentrations of environmentally persistent free radicals in a home apartment compared to outdoor air and
other locations. (A) Volumetric EPFR spin concentrations in total suspended particulate matter (PM) inside an apartment
compared to an outdoor sampling site in Mainz, Germany. (B) Mass-normalized EPFR spin concentrations in surface
films inside the apartment (NBathroom walls=2; Ncabinet tops=43; NDust=23 NFloor surfaces=23 Nwindows=2). (C) Comparison of

observed spin concentrations to prior outdoor studies on PM2.s.
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Surfaces, which comprise an outsize fraction of organic loading in indoor environments,*! had significant
EPFR concentrations and varied between surface types (Figure 1b). Mass specific EPFR concentrations
(per unit mass) were greatest on windows (15.14 x10'° spins pg™) followed by floors (4.59 x10'° spins pg"
1, the tops of cabinets (0.79 x10'* spins pg™), and then tiled bathroom walls (0.19 x10'* spins pg™). The
high concentrations on windows could be explained by the increased efficiency of photochemistry-
producing EPFR on these surfaces.!>¥

Dust samples collected from the home, including loose dust from under furniture, also displayed substantial
EPFR content (2.01 x10'" spins pg') that was in the middle of the range observed on surfaces. While
accumulated dust may have been incorporated as part of the horizontal surface sample (e.g. floors, cabinet
tops), it would have made minor contributions to vertical surfaces (e.g. windows or bathroom tiles). The
EPFR content in dust may be particularly relevant, because its constitutions is characterized by a high
surface to volume ratio, making it an efficient condensational sink and accessible interface for multiphase
processes. However the pronounced difference in mass specific EPFR concentrations of PM (2.40 x1011
spins pg-1) and dust may be an indication timescales for equilibrium between PM and dust may be
insufficiently long compared to ventilation. Another explanation for the observed difference could be, that
the mass of dust is significantly influenced by large objects (e.g. fabric debris or hair), which dilute the
EPFR concentration without contribution to reactivity.

The EPFR concentrations measured in this study fall within the range of outdoor PM, s EPFR observed in
prior studies (Figure 1c). Therein we found, that our results are well in accordance with our previous
measurements of EPFR in Mainz ** and also comparable to spin concentrations found in Baton Rouge'” and
three different sites in east China.>* However other studies found substantially higher**¢ or lower®’*°
concentrations of EPFR in PM» s, which points out the high variability of this new class of pollutants in
different environments. As previous studies have demonstrated, this variability may be explained by
different PM sources as well as changing concentrations of PM2.5.3+4%4! Interestingly we found that the
mass-specific EPFR spin concentrations on window surfaces are very similar to the concentration we
measured in PM samples indoor as well as outdoors in Mainz, while the average of all other surfaces is
about one order of magnitude smaller. This could be an indication for substantial differences in composition
and chemistry of surfaces on windows compared to other indoor surfaces, which are less exposed to
radiation.*>*

Reactivity of Surface samples upon O3/NO; exposure

The different indoor samples showed significant differences in EPFR composition based on their EPR
spectra (Figure 2a-c). This is an indication for the occurrence of different organic species with unpaired
electrons. In all samples, we found a single broad peak around 2.002-2.004 G, which corresponds to the
frequently described EPFR signal (Type 1) associated with combustion processes.'*> Additionally, we found
on some surfaces (Figure 2b) and to a smaller extent in dust (Figure 2c) a signal constituting a triplet with
1:2:1 intensity distribution (44 G splitting) and centered around 1.9951 G (Type 2). Such a pattern may be
explained by two equivalent hydrogen atoms in close proximity to the unpaired electron and strong
influences of heteroatoms inducing a shift of the signal in the magnetic field.*** To conclude we observed
2 distinct molecules with long-lived unpaired electrons on surfaces indoors (more spectra can be found in
the Figure S4 and S5).
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Figure 2: Electron paramagnetic resonance spectra for EPFRs in PM, dust, and surfaces and their reactivity with ozone
and nitrogen dioxide. (a-c) EPR spectra for indoor surface (cabinet top), dust, and PM samples, shown with the total
spectra in black and Type 1 and Type 2 radicals obtained by peak-fitting of the observed spectra. (d-e) Changes in indoor
surface sample EPFR abundances for total observed radicals and each type upon exposure to (d) Ozone (Surface-01) and
(e) NO2 (Surface-03) (at t=0 after being flushed with dry Nz gas). (See notes on spectra fitting and the specific samples

shown here in the text and SI)

In order to better understand their characteristics, we exposed surface samples to reactive gas mixtures
containing either ozone (d) or nitrogen dioxide (e); both oxidants induced a pronounced change in the EPR
signal after prior equilibration under dry nitrogen gas. A related experiment exposing polycyclic aromatic
compounds to ozone also showed the formation of EPFR.'* More concretely we found the Type 1 EPFR
signal increased in intensity, while the Type 2 signal significantly decreased and also the total spin
concentration decreased upon exposure to a reactive gas. This could be an indication that we observed two
distinct molecular species, which showed variations in their response to reactive gases. The increase in
Type 1 EPFR may be explained by the mechanism described by Borrowman et al.. Interestingly, we found
a significantly higher g-value for this Type 1 EPFR from surfaces compared to the PM samples in mind.
As this value enables insights into the atoms adjacent to the radical center, this difference may be an
indication for higher oxygen content in the close proximity to the C-centered radicals and accordingly a
higher oxidation degree of the organic phase. A potential explanation for the more pronounced response of
Type 2 EPFR could be that they are more easily accessible or that these are less persistent species, but rather
transient intermediary products of slow reactions in surface films. Examples for such substances could be
aliphatic radicals containing double bonds or even crigee intermediates resonance stabilized by transition
metals. Such structures could explain the much lower g-value of Type 2 EPFR.
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Taken together, these changes of EPFR signals upon exposure with reactive gases could be indications that
EPFR occurrence may be linked to condensed phase reactivity. These EPFRs may act as a source of
oxidation chemistry-initiating radicals in indoor environments and may provide a reservoir in reactive
multiphase systems and surfaces (aqueous and particle). Accordingly EPFR may participate in
heterogeneous chemistry and influence equilibrium partitioning of oxidized gas-phase organics in the
VOC/IVOC/SVOC range.

Implications of EPFR reservoirs for indoor reactivity and multiphase chemistry

As we have shown in the previous sections, EPFR are interacting with other reactive species in multiphase
processes. Accordingly it is worthwhile to consider how many radicals there are in a given environment
and how the abundance of different species compares (Figure 3). If we consider only the condensed phase
of PM in a typical indoor compartment (Figure 3a) we found that EPFR have a much higher abundance
than other reactive species. The reason for this is the very long lifetime in the condensed phase of EPFR
compared to species like ozone or nitrogendioxide, but as we have seen some of the more short lived species
may induce the formation of more EPFR. Furthermore we know from previous studies, that there are
different kinds of EPFR with varying lifetimes and some of them having half-life times in the range of
hours.!>3* Based on these observations we hypothesize, that EPFR could be a reservoir of reactivity in the
condensed phase, and therewith enable more radical reactions than would be possible by the uptake of
reactive gases alone. Other indications for such a mechanism could be recent findings of some stable
oxidized organics produced in SOA being sources of radicals when dissolved into aqueous systems (i.e.
water-soluble redox activity).?>283%46 Along with metals, these long-lived organic compounds are critical
for ROS generation and lung damage,?* and are an understudied, but potentially major reservoir of radicals
in indoor multiphase systems.

If we want to understand how the amount of EPFR in an entire indoor room, not only the suspended PM,
compares to other radical species, we need to consider the gas phase, surfaces, and dust as well (Figure 3b).
Doing this exercise we found reactive species like Oz or NO; are likely more abundant than EPFR.
Nevertheless especially the amount of EPFR in surface films (1.71 x10? pmol m™), contributes
substantially to the total radical budget in an indoor environment, and has outlined above may even be the
dominating source of radicals in the condensed phase. Moreover we found that dust (9.47 x10~ pmol m™)
and PM (5.39 x10°° pmol m™) contribute less to the total amount of EPFR indoors, but due to their more
favorable surface to volume ratio they may nevertheless be relevant for multiphase processes. Particularly
under the consideration that dust may be easily resuspended by activities like vacuum cleaning, therewith
becoming relevant for inhalation and adverse health effects again. Taken together there has been compelling
evidence about the loss of radicals to surfaces indoors, with this study we have demonstrated that they may
have a longer life cycle than expected with EPFR being a reservoir in the condensed phase contributing
significantly to the total radical budget indoors.
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Figure 3: Comparison of EPFR contributions to indoor reactivity for PM, surfaces, and dust to common reactive species
indoors. Comparison of (a) contributions to particle-phase radical concentrations for indoor suspended PM shown as
their volumetric concentrations in air; (b) total gas- (blue bars) and particle-phase radical concentrations (red bar)
including contributions with typical indoor prevalence of surfaces (striped) and dust (dark red). Details about the
underlying room geometry and the assumed air composition (0.2-39 ppb O3, 5-45 ppb NOz,) can be found in the

supplementary information.

Key areas for future exploration include the relevance of outdoor surfaces for multiphase processes, there
is already evidence for EPFR abundance in soil, biochar, and microplastics. Accordingly integrating these
budgets and constraining the frequency of interaction with other radicals may help to improve radical
reactions in the condensed phase. Similarly, the results of this study emphasize the importance of
incorporating these EPFR reservoirs into indoor (and potentially outdoor) chemistry models.
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Supplementary Information for:

Environmentally persistent free radicals in indoor air, dust, and on surfaces

Methods

The samplers for collection of particulate matter consisted of a vacuum pump, a mass flow controller (Mass Stream <
70 L min-1, M+W instruments), and a 47 mm single stage filter assembly (Savillex Corp.) in vertical orientation 47
mm PTFE membrane disc filter with support ring (46 pm thick, Pall Corporation), all connected by % inch Teflon
tubing. At the indoor location, the sampling rate controlled by the mass flow controller was set to 16 L min-1, the
sampler outside was operated at 17 L min-1. Surface samples were collected using 47 mm Teflon membrane filter
(0.1 um pore size, Omnipore, Merck Millipore). A representative blank sample using the surface sampling technique
described in the main text on cleaned aluminum foil is shown in Figure S5. All samples were stored in Analyslide
Petri Dishes (Pall Corporation) and wrapped in aluminum foil immediately after collection.

For exposure of samples to NO» and O3 a part of the filter was wrapped around the end of a quartz EPR tube (outer
diameter 4 mm) and fixed with Teflon tape. This tube was inserted into a 1 cm quartz tube and on the other end
connected to % inch Teflon tubing. Via this tubing we flushed the respective gas mixture through the filter into the 1
cm EPR tube. You may find a sketch of the experimental set up in Figure S6.

The prevalence of dust and indoor surfaces were estimated for a typical residential room (volume = 40 m?3, surface
area = 120 m?; see SI for details) and EPFR abundance is based on this study. Occurrence of other species are based
on typical literature values for indoor gas phase oxidants (Table S4). Furthermore we took into consideration data
about ambient concentrations of NO, and O3 from public monitoring stations in Mainz. More in detail these results
showed for October 2019 the following results: average daily mean NO; concentration 11-21 ppb (maximum daily
mean value 33 ppb) and an average daily mean concentration O3 of 12 ppb (maximum daily mean value 24 ppb). For
Ozone the uncertainty indicated in the Figure 3 is based on the indoor outdoor ratio reported in the literature (Abbatt
and Wang, 2020) (0.1 - 0.8) taking the average daily mean value from the observations as a basis. As NO;
concentrations vary on much smaller scales, the lower threshold in Figure 3 is given by the lowest reported indoor
concentration reported in Table S4 (4 ppb) and the upper threshold is given by the highest daily mean value measured
outdoors. Particle-phase concentrations of NO, and Oz were estimated via Henry’s law using constants reported in the
literature.(Sander, 2015)
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Figure S1: EPFR concentrations in particulate matter (PM) by collection time of the respective sample. (a)
Volumetric spin concentration per volume of sampled air (spins m™); (b) Mass-specific EPFR spin concentration per
mass of collected particulate matter (spins pg™).
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Figure S4: Baseline corrected EPR spectra of all samples collected. Panels on the left side show indoor surface
spectra (specifications can be found in Table S1-3), panels in the center show indoor PM spectra, and panels on the
rights side outdoor PM. The y-Axis dimensions are conserved within the respective panels.
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Figure S6: Sketch of the experimental setup used for exposure of samples to reactive gas mixtures.
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Table S1: Sampling details of indoor PM samples, including the total sampled air volume, PM mass, and EPFR

number.
Sample Collection date Sampling details Sampled air PM mass EPFR spin
ID (mm/dd/yy) volume (m?) (mg) number
(spins)
#23 09/27/19 - 09/28/19 several cooking events 24.08 not available 1.03E+13
#26 | 09/28/19 - 10/06/19 uninhabited except for 193.92 0.43 7.66E+13
cleaning visit
#27 10/06/19 — 10/10/19 inhabited 86.88 1.11 8.03E+13
#28 10/10/19 — 10/12/19 inhabited 45.12 0.12 1.63E+13
#29 10/12/19 - 10/14/19 Increased ventilation, 24.56 0.44 9.22E+13
limited cooking
#30 10/14/19 - 10/16/19 cooking and cleaning 45.92 0.63 1.23E+14
#19 10/16/19 — 10/17/19 cooking 31.20 not available 3.41E+13
#33 | 101719102019 | Uninhabited with lots of 72.24 0.30 1.08E+14
outdoor rain
#32 1021719 — 10/23/19 | Cleaning, oven usage and 45.60 1.31 6.57E+13
cooking
#34 10/23/19 — 10/25/19 some cooking, pan-fried 46.32 0.69 1.13E+14
chicken
#35 10/25/19 — 10/28/19 less cooking this weekend 68.88 not available 1.38E+14
#36 10/28/19 — 10/30/19 some cooking 46.08 0.88 4.37E+13
#40 10/30/19 — 11/01/19 cooking 43.20 0.43 6.61E+13
#41 11/01/19 — 11/03/19 uninhabited 60.72 0.20 9.73E+13
#43 11/08/19 - 11/11/19 water leak, higher humidity 58.80 0.32 9.16E+13
#44 111119 - 111319 | Smoke fro‘;lvz‘;mt food n 46.32 3.76 7.56E+13
#50 11/13/19 - 11/18/19 partially uninhabited 114.00 1.12 4.47E+13
#52 11/18/19 — 11/25/19 | active mold in the apartment 52.08 0.76 5.34E+14
#53 11/25/19 — 11/27/19 active mold in the apartment 48.72 0.77 4.79E+14
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Table S2: Sampling details of outdoor PM samples, including the total sampled air volume, PM mass, and EPFR

number.
Sample ID Collection date Sampled air PM mass EPFR spin
(mm/dd/yy) volume (m?) (mg) number (spins)
MZ-01 10/12/19 — 10/14/19 47.86 0.86 2.07E+14
MZ-02 10/14/19 — 10/16/19 47.69 1.06 8.87E+13
MZ-03 10/16/19 — 10/17/19 34.25 0.80333 1.32E+14
MZ-04 10/17/19 — 10/20/19 72.93 0.36667 7.51E+13
MZ-05 10/20/19 — 10/23/19 65.10 1.016667 1.32E+14
MZ-37 10/23/19 — 10/25/19 49.30 not available 1.59E+14
MZ-38 10/25/19 — 10/28/19 73.61 1.27 1.49E+14
MZ-39 10/28/19 — 10/30/19 48.53 0.85 6.49E+13
MZ-45 10/30/19 — 11/01/19 23.72 3.03 1.66E+14
MZ-49 11/01/19 — 11/04/19 75.23 0.65 1.66E+14
MZ-46 11/04/19 — 11/07/19 81.35 0.70 1.09E+14
MZ-48 11/11/19 - 11/13/19 47.35 0.79 1.45E+14
MZ-51 11/13/19 - 11/18/19 123.17 2.30 4.75E+14
MZ-58 11/25/19 — 11/27/19 48.28 1.34 6.35E+14

Table S3: Sampling details and results of the collected surface samples within the studied apartment.

Sample ID Collection place PM mass T(?tal EPFR Typ.e-l To.tal EPFR Typ.e-2
(mg) spin number (spins) spin number (spins)
Surface-01 Kitchen cabinet above 21.54 1.66E+14 2.26E+14
oven (horizontal)
Surface-02 Above main room 0.76 2.94E+12 4.03E+12
cabinet (horizontal)
Surface-03 on top of bathroom 3.39 1.82E+13 3.14E+13
cabinet (horizontal)
Surface-04 | “Vindow #1 main room 1.01 4.91E+13 9.24E+13
(vertical)
Surface-05 | “allin “E';‘i‘l‘;)bathmom 1.84 Not available 4.51E+12
Surface-06 Wall in 2nd bathroom 0.69 Not available 8.82E+11
(tile outside shower)
Surface-07 Window #2 main room 0.90 1.23E+14 1.91E+14
(vertical)
Surface-08 | T l00r comer main room 8.83 2.92E+14 4.70E+14
(horizontal)
Surface-09 | Floor comner entry way 15.07 2.06E+14 5.81E+14
(horizontal)
Surface-10 Same spot as sample 2.57 9.92E+12 1.67E+13
Surface-01
House dust-1 Under the couch 3.05 5.91E+13 Not available
House dust-2 Under the couch 1.56 3.49E+13 Not available
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Table S4: Literature reports about Ozone and Nitrogendioxide concentrations indoor.

Ozone (ppb) Nitrogendioxide (ppb)
Reference Mean Range Reference Mean Range
Lee et al.
(2002) 14.9 0.6-67.8 Lee et al. (2002) 28.0 43-520
20 other
(Zhang and i (Zhou et al., . )
Lioy, 1994) 28 1-181 2018) 3.7 studies: 4.8
46.5
(Zhang et al.,
1994) 30-60 (Weschler, 2000) 30
(Hwang and (Hwang and
Park, 2020) 1.4 Park, 2020) 13.9
(Zhou et al., 0.62 (residence) (Zhou et al., 8.4 (residence)
2019) 21.5 (lab) 2019) 9.1 (lab)
22.5 (office) 11.3 (office)
(Abbatt and <5 0.1 -0.8 of
Wang, 2020) outdoor air
References
1. Abbatt, J. P.; Wang, C., The atmospheric chemistry of indoor environments. Environmental Science:
Processes & Impacts 2020, 22, (1), 25-48.
2. Sander, R., Compilation of Henry’s law constants (version 4.0) for water as solvent. Atmos Chem
Phys 2015.
3. Lee, K.; Xue, J.; Geyh, A. S.; Ozkaynak, H.; Leaderer, B. P.; Weschler, C. J.; Spengler, J. D.,

Nitrous acid, nitrogen dioxide, and ozone concentrations in residential environments. Environmental health
perspectives 2002, 110, (2), 145-150.

4, Zhang, J.; Lioy, P. J., Ozone in residential air: concentrations, I/O ratios, indoor chemistry, and
exposures. Indoor Air 1994, 4, (2), 95-105.
5. Zhou, S.; Young, C. J.; VandenBoer, T. C.; Kowal, S. F.; Kahan, T. F., Time-Resolved

Measurements of Nitric Oxide, Nitrogen Dioxide, and Nitrous Acid in an Occupied New York Home.
Environmental Science & Technology 2018, 52, (15), 8355-8364.
6. Zhang, J.; Lioy, P. J.; He, Q., Characteristics of aldehydes: concentrations, sources, and exposures

for indoor and outdoor residential microenvironments. Environmental Science & Technology 1994, 28, (1),
146-152.

7. Weschler, C. J., Ozone in indoor environments: concentration and chemistry. Indoor air 2000, 10,
(4), 269-288.
8. Hwang, S. H.; Park, W. M., Indoor air concentrations of carbon dioxide (CO2), nitrogen dioxide

(NO2), and ozone (O3) in multiple healthcare facilities. Environmental Geochemistry and Health 2020, 42,
(5), 1487-1496.

9. Zhou, S.; Young, C. J.; VandenBoer, T. C.; Kahan, T. F., Role of location, season, occupant
activity, and chemistry in indoor ozone and nitrogen oxide mixing ratios. Environmental Science:
Processes & Impacts 2019, 21, (8), 1374-1383.
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4. Summary and Conclusions

4.1 Individual Studies
Hydroxyl Radical Scavenging by Cerium Dioxide Nanoparticles

The effectiveness of hydroxyl radicals ("OH) scavenging by cerium oxide nanoparticles (CeNPs) was
explored experimentally in comparison to their ability to produce ‘OH. The effect of CeNPs on this
particularly damaging reactive species was tested in EPR spin trapping measurements of ‘OH in aqueous
solutions. The activity of CeNPs on ‘OH shows a pronounced dependence on the surface to volume ratio as
well as the surface composition of the nanomaterial. Under physiologically relevant conditions in surrogate
lung fluid, CeNPs showed a predominate “OH scavenging activity, which could be an indication that they
act as antioxidants under such conditions. For details see chapter 3.2.

Oxidation Degree and its Influence on Radical Yield of Particulate Matter

Ambient particulate matter (PM) from remote and urban environments was analyzed alongside laboratory
generated secondary organic aerosols (SOA) for their content of highly oxygenated molecules (HOMs) and
radical yield upon suspension in water. Structural information about the oxidation degree of organic
molecules from mass spectrometry was combined with radical yields estimated with EPR spin-trapping and
subsequently insights into the chemical relationship between these two variables were tested. In fact, a
correlation between HOMs abundance and radical yield could be found by comparing the ambient samples.
Also, different SOA followed this trend, therewith suggesting that HOMs may play a significant role in the
radical production of PM in solutions. The results further indicated that PM from remote forests, which
typically has a high content of organic molecules from biogenic sources, has a higher mass-specific radical
yield than urban PM. For details see chapter 3.3.

Reactive Species Yield of Particulate Matter from Clean and Polluted Environments

The reactive species (RS) formation upon suspension in water was compared for PM from a remote forest
site (Hyytiédld), Mainz, and Beijing using EPR spin-trapping and a fluorimetric H>O, assay. Furthermore,
these insights were complemented with the chemical characterization of molecular composition and
transition metal content. Lastly RS yields of ambient PM samples were experimentally modeled using
surrogate molecules. With mixtures of transition metals, organic hydroperoxide, H,O», humic- and fulvic
acids we achieved comparable results for RS formation ratios as observed for Hyytiild, Mainz, and Beijing
PM. Results suggested that transition metals may contribute to a preferential formation of “OH over organic
radicals. However, the interplay of different organic and inorganic constituents even in these relatively
simple mixtures caused a complex formation of different RS. For details see chapter 3.4.

Environmentally Persistent Free Radicals in Remote and Polluted Regions

Particulate matter from remote and urban environments was investigated for its content and size distribution
of environmentally persistent free radicals (EPFR). By resolving the distribution of this emerging class of
pollutants for particles ranging from 10 nm to 10 um, new perspectives on sources and formation pathways
of EPFR were enabled. It is shown that EPFR concentrations positively correlated with PM abundance
across the studied sites and that even in remote environments substantial amounts of EPFR occurred. More
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concretely the results indicated that the majority of EPFR in most environments are in particles smaller than
1 um. However, the results suggested that there is a pronounced influence of local PM sources on EPFR
abundance and size distribution. This finding likely explained the pronounced seasonality of EPFR
concentrations, which we observed in a case study for Mainz. The results of this study shall soon be
published, see chapter 3.5.

The Role of Environmentally Persistent Free Radicals Indoors

In the framework of a coordinated campaign, an apartment in Mainz (Germany) was sampled for its content
of EPFR and compared to an outdoor reference site. By sampling PM, surfaces, and house dust, we were
able to assess the potential role of EPFR in multiphase chemistry indoors. The results are the first to confirm
the presence of EPFR indoors, which we find is oftentimes closely linked to outdoor EPFR concentrations.
Based on the abundance in PM, dust, and on surfaces we show that most EPFR indoors are in surface films
and that the total amount of this substance class in a typical apartment may contribute significantly to the
budget of radicals. We estimated that in the condensed phase EPFR concentrations exceed the abundance
of O3 and NO; by orders of magnitude and could be a reservoir for radical reactions. The results of this
campaign shall soon be published, see chapter 3.6.

4.2 Conclusions

In the scope of this PhD project, EPR spectroscopy has been applied to tackle questions motivated by the
adverse health effects of ambient PM. Using this technique, samples of ambient particles were analyzed for
their radical content and suspensions of PM in aqueous solution were investigated for RS formation,
especially short-lived radicals.

The role of insoluble PM constituents was targeted by immersion of synthetic CeNPs into a surrogate lung
fluid containing moderate RS levels. The results indicate that poorly soluble, redox-active molecules may
exhibit a substantial influence on the RS budget in physiologic environments by multiphase processes. The
studies on SOA and ambient PM demonstrate differences in RS production between particle types,
particularly the influence of varying oxidation degree of organic molecules. With these insights, the
contribution of organic molecules to the RS yield of PM may be better described in models. Beyond this,
the finding that remote aerosols have a higher mass-specific RS yield than urban PM, emphasizes the
importance of organic molecules in contributing to radical production. On the topic of RS generation by
PM in solution, future studies could employ EPR spectroscopy to further constrain which types of RS are
produced at which reaction rates by specific PM constituents.

For the first time, EPFR concentrations were compared across different continents and types of
environments; the size distribution and abundance of this substance class were comprehensively assessed.
The occurrence of EPFR in remote and polluted environments as well as indoors was confirmed. With the
new data on this emerging class of pollutants, a more detailed analysis of their role in atmospheric
processing and the health effects of PM is enabled. Nevertheless, it remains unclear how readily EPFR
participate in radical reactions in the particles phase or upon dissolution. Also what their fate during long-
range atmospheric transport is and the exact EPFR sources in remote places should be further explored.

All of these studies demonstrate that it is worthwhile to pursue further research on redox reactions and
radical abundance in particulate matter because there is a large potential to improve the description of
multiphase chemistry and the effect of PM on human health.
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