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1. About this document

1.1 Background

WP2 of the RI-URBANS project will provide new inputs and exposure approaches with improved spatial
resolution at the urban scale, which can be used for future health studies. In the last few years, there has
been an increase in the development of exposure metrics in air pollution, such as the oxidative potential
(OP), intended to better assess the link between air pollution and adverse health outcomes. However, as
it occurs with key PM components for health effects, the major emission sources contributing to OP may
be different from those which account for most of the particulate matter (PM) mass and, therefore, imply
a different vision (and priorities) for air pollution control. Furthermore, these contributors are variable
from one place to another, and firm knowledge about the air pollution characteristics is fundamental for
a good establishment of OP assessment approaches.

Despite the increase of OP studies in the last years, there is still a need to establish whether OP is a better
predictor of health impacts in human populations than PM mass or can be considered as complimenting
mass-based metrics. There are several OP methodologies available based on lung antioxidant (or
surrogate) depletion when in contact with PM. Several probes co-exist and exhibit different sensitivities
towards pollutants, as the different lung antioxidant categories result in different outputs (and not always
correlated) for different OP assays. Here, we deliver an integration of results on the parameters and
sources of importance targeted by OP analysis and an assessment to implement these analyses in the
pilot test demonstrations.

1.2. Scope of this deliverable

The RI-URBANS D11 (D2.3) revises the last advances and practices for evaluating the association between air
pollution and oxidative potential. We integrate an overview of the measurement methods and the integration of
OP in different epidemiological studies. The report includes recommendations for future studies of health impacts
through the application of OP assays. This deliverable is made in reply to T2.2 that uses OP as an additional metric
to assess potential toxicological effects of PMis and PM,s, in relation to PM components and their source
contributions using online and off-line techniques. PM1g and PM; 5 source apportionment data from WP1 is being
used to identify the predominant sources contributing to OP with inputs from available data and pilot studies
providing both OP and source contribution data (T4.4). This evaluation is done for Athens, Paris, Zurich and
Barcelona.

This is a public document that will be distributed to all RI-URBANS partners for their use and submitted to
the European Commission as a RI-URBANS deliverable D11 (D2.3). This document can be downloaded at
https://riurbans.eu/work-package-2/#deliverables-wp?2.

2. Introduction

In recent years, several studies have demonstrated associations between exposure to ambient air pollution and
adverse human health outcomes (Burnett et al., 2018; Hart et al., 2015; Laden et al., 2006; Lelieveld et al., 2020;
Lepeule et al., 2012, WHO et al., 2017, 2021). Particulate matter (PM) comprises complex chemical mixtures
resulting from natural and anthropogenic sources and atmospheric processes. Epidemiological studies have
suggested that the largest effects of air pollution can be linked to long-term exposure to PM.
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Health effects attributable to PM are complex and diverse and overall, PM,s is now considered to be the largest
environmental contributor to adverse health effects globally (WHO, 2017). PM may act through different
mechanisms such as oxidative stress and inflammation, genomic alterations, impaired nervous system function,
epigenetic alterations, among others. Thus, it is not possible to cover all these effects with single monitoring air
quality parameters.

PM can induce oxidative stress at the cellular level (Li et al., 2008). By definition, oxidative stress is the additional
production of reactive oxygen species (ROS) relative to antioxidant defence (Shankar and Mehendale, 2014). ROS
are species having an unpaired electron which can react with other molecules close to their place of production.
They comprise radical and non-radical oxygen species such as superoxide anion (O;), hydrogen peroxide (H.0,),
and hydroxyl radical (OH"). Generally, ROS production in the cells is regulated mainly by enzymes. This regulatory
process is called the antioxidant system (Alkoussa et al., 2020). The antioxidant species can play a valuable role at
low doses by interacting in physiological processes and a negative role by causing damage through their ability to
interact with several cellular components (Sies, 2018). As a result, many biological processes can allow free radical
species to evolve in the body, which can cause harmful effects and premature ageing in cells. Thus, oxidative stress
occurs when ROS overwhelm the cellular antioxidant defence system, either by an overproduction of ROS or a
decrease in the cellular antioxidant capacity, once this redox balance is no longer maintained, such as after exposure
to PM or stress (Cassee et al., 2013; Gao et al., 2020; Kelly and Fussell, 2017). The capacity of PM to invoke oxidative
reactions or to generate ROS in a biological media is quantified by its oxidative potential (OP) (Bates et al., 2015;
Cho et al., 2005; Sauvain et al., 2008; Uzu et al., 2011). Consequently, OP of PM is increasingly being studied as a
relevant metric that measures health impacts instead of PM concentration. Indeed, much of the ambient particle
mass does not contribute to the toxicity of PM (Park et al., 2018). In addition, OP is a relatively simple measure of
PM redox activity but reflects a complex interplay of particle size, composition, and chemistry, which induce
oxidative stress by free-radical generation.

Epidemiological studies have shown that PM air pollution contributes to cardiorespiratory morbidity and mortality
and is recognized as an important contributor to the global disease burden (Lim et al., 2012). Moreover, numerous
recent studies have confirmed that increased exposure to OP in PM (short or long-term in urban and suburban
environments) can lead to increased cardiopulmonary or neurological diseases and mortality in cases of cancer,
asthma, or stroke (Bates et al., 2015; Dabass et al., 2018; Delfino et al., 2005; Donaldson et al., 2001). While the
biological and in-cellular mechanisms underlying these associations have not yet been fully understood, current
evidence suggests that oxidative stress plays a substantial role in PM-induced health effects, including
systemic/respiratory inflammation and DNA damage (Weichenthal et al., 2016).

In recent years, there has been an increased interest in measuring and developing OP studies, applying different in
vivo or in vitro assays, together with aerosol characterisation, to estimate the main sources related to PM OP. A
wide range of acellular chemical methods now allows to evaluate the OP of atmospheric particles, as typically,
acellular assays allow faster measurement and are less labour compared to cell cultures or in vivo methods (Bates
et al., 2019). These include several methods, such as the dithiothreitol assay (DTT), ascorbic acid assay (AA), 2,7-
dichlorofluorescein assay (DCFH), electron paramagnetic resonance (EPR) spectroscopy, glutathione assay (GSH),
Ferric-Xylenol Orange hydroperoxide assay (FOX), 9,10-bis (phenylethynyl) anthracene-nitroxide (BPEAnit) ROS
assay (BPEAnit-Me), among others. These acellular assays display different sensitivities to specific particle
components that may contribute to increased aerosol OP. In addition, applying these commonly used assays
simultaneously allows different mechanisms of ROS generation to be assessed, allowing a complete idea of the
oxidative mechanisms triggered by PM exposure.

This report reviews the current state of knowledge on the association between health endpoints and OP of ambient
PM in different environments, along with the sensitivities of different OP assays to PM chemical composition,
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emission sources, and physical properties. We also briefly discuss particle-bound ROS measurements and
epidemiological associations between OP and health effects. Nevertheless, our report mainly focuses on OP
measurement techniques due to the growing research linking these assays to adverse health outcomes.
Additionally, there is a limited number of studies evaluating the selection of the OP assay to be developed and the
sensibility of OP tests to the emission sources and chemical composition of PM, so future work is needed before
conclusions about the relevance and choice of the OP test to be performed and recommended.

3. Overview of OP measurement methods

3.1 Oxidative Potential and Particle-bond ROS

Oxidative potential relies on the idea that exposure to PM can induce oxidative stress. Thus, OP is used as a health-
based indicator to characterise exposure reflecting the oxidative capacity of PM in the lung, the main route of PM
entrance, over time (Massimi et al., 2020). By definition, the OP measures the ability of PM to deplete lung
antioxidant molecules in synthetic airway fluids (Crobeddu et al., 2017; Goldsmith et al., 1997; Landreman et al.,
2008; Moufarrej et al., 2020). Therefore, it has been increasingly used as an exposure metric to link atmospheric
particles and specific health endpoints.

There are many OP assays, and protocols can vary according to the probe within each assay. Therefore, applying
different OP protocols, laboratory conditions and PM concentrations will conclude in a different result for a given
OP assay, making results across studies difficult to compare. Also, these differences include the selection of solvents
for the PM extraction (buffer; ultrapure water; methanol), the type of extraction (vortex, ultrasound...), filter types
for PM sampling, incubation times and temperature and the use of metal chelators to purify some reactants.
Recently, some studies have adopted simulated lining/lung fluids (SLF) to mimic physiological conditions as much
as possible (Charrier and Anastasio, 2012; Godri et al., 2011). Diverse types of SLF co-exist with complex
compositions (Gamble’s solution with a surfactant, artificial lysosomal fluid (ALF)) or more simple compositions
with low molecular weight antioxidants such as ascorbate (Asc), glutathione (GSH), uric acid (UA), and citrate (Cit)
buffered at pH 7.4 with an ionic strength that mimics lung lining fluid (Gonzalez et al., 2017). Evaluating these
discrepancies between the OP methods is fundamental to optimising the assays and better understanding the
association between PM and health outcomes (Bates et al., 2019). To date, there is currently no standardized
methodology for measuring oxidative potential. Several methods coexist, and each brings a different vision of the
OP of aerosols.

In the next sections, we describe the different and most common measurement techniques applied for OP analysis.

3.2 Offline measurements

Acellular OP assays are commonly applied as they are less time-consuming and less labour-intensive than in vitro
assays. These assays simulate the PM contact into the lung using chemical probes and measure the OP of PM either
through direct ROS measurements (e.g., electron spin resonance (ESR) spectrometry by the generation of OH
radical in the presence of H,0, or OH assay measuring *OH production) or indirectly (e.g., the depletion of a given
antioxidant, such as oxidation of dithiothreitol (DTT), ascorbic acid (AA), reduced glutathione (GSH)). Each assay
represents a valid assessment of a fraction of the PM toxicity, which could help to elucidate complex mechanisms
of PM ROS generation.

The Ascorbic acid assay (OP**) measures the ability of PM to deplete a lung antioxidant (Ascorbic acid), which is
proportional to the ROS generation rate. This test was initially developed to measure trace metal oxidation. Due to
its simplicity of measuring the OP of PM by a single antioxidant, it has been widely used in the last few years. OP*
is quantified by incubating concentrations of AA with PM samples in a UV/VIS-spectrophotometer. The optical
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density at 265 nm is unique to AA, and since ascorbate depletes exponentially, there is a linear relationship between
the log-transformed optical density and time. Therefore, the percentage of AA depleted after an incubation period
and the rate of AA depletion are metrics used to represent the PM oxidative potential. (Fang et al., 2016;
Pietrogrande et al., 2019).

The Dithiothreitol assay (OPP™) measures the ability of PM to deplete a cellular reductant (dithiothreitol), which is
proportional to the ROS generation rate. It was designed to simulate the in vivo generation of superoxide radicals,
wherein DTT was used as a surrogate of the cellular reducing agents (NADH or NADPH). The DTT assay was initially
proposed to measure quinone-catalysed oxidation. It’s probably the most widely used OP assay for being the oldest
and quite easy to implement. The assay involves the incubation of PM samples with DTT, and the remaining DTT
over time is estimated by 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB). The reaction of DTT and DTNB forms 2-nitro-
5-thiobenzoic acid (TNB), which can be quantified using a UV/VIS spectrophotometer. When DTT is in excess, the
consumption rate of DTT is proportional to the concentration of the redox-active species and thus is used as a
measure of PM OP (OPP™) (Calas et al., 2018; Fang et al., 2016; Simonetti et al., 2018).

The glutathione assay (OP®*") relies on the depletion of the GSH, a lung antioxidant by PM. It has been less
frequently used than other assays (Crobeddu et al., 2017; Gao et al., 2020; Shahpoury et al., 2019; Weichenthal et
al., 2019, 2016), possibly due to the complexity of methods for separation and analysis of GSH and its oxidation
product glutathione disulfide (GSSG) (Shahpoury et al., 2022). However, in a recent study, a new method has been
developed, including thiol antioxidants and their oxidation products, including cysteine (CSH) and cystine (CSSC)
which were not considered in the past (Shahpoury et al., 2019).

The ROS present within and on PM can be also assessed using various fluorescence techniques adapted from intra-
cellular ROS measurement techniques. These particle-bound ROS methods suspend particles in a reagent and
measure the spectra of specific oxidation by-products. Among them, the oldest and the most widely used is the
OPP‘f method, based on the reaction of the ROS in PM with DCFH, a non-fluorescent reagent, with horseradish
peroxidase. This reaction produces a fluorescent compound, 2,7-dichlorofluorescein (DCF). Because not all
oxidants can react with DCFH and also because it is sensitive to some reactive nitrogen species, the fluorescence
intensity generated from the reaction did not necessarily capture the total oxidative capacity and is less used in the
last years (Massimi et al., 2020; Perrone et al., 2016). Although it is of interest when OP is assessed in parallel to in-
vitro toxicological tests since the same probe can be used with lung epithelial cells. Similar to the OPP“™ assay,
other methods were developed to measure the continuous generation of ROS over time, using electron spin
resonance (ESR) (Bates et al., 2019). In particular, ESR measures PM-induced hydroxyl radical (¢OH) formation by
detecting the electron paramagnetic resonance signals, in the presence of hydrogen peroxide, via Fenton-type
reactions and their trapping by the nitrone DMPO (Calas et al., 2018; Hellack et al., 2014; Shi, 2003). The OP®F
measures the particle-bound ROS formed during the dissociation of PM in ultrapure water, and in general,
antioxidants are not included since they could act as radical scavengers and negatively affect the EPR signal
(Shahpoury et al., 2022). Similarly, the OP°" assay measures the hydroxyl radicals (¢OH) induced by PM measured
after the reaction with terephthalic Acid (TPA) by measuring the adduct formed, namely hydroxyterephthalic acid
(hTPA). Fluorescence emission of hTPA is obtained after the addition of solutions of TPA in phosphate buffer and
ascorbate (Asc) (Dominutti et al., 2023). The ¢OH production catalysed by PM is only significant in the presence of
a reducing agent that helps to recycle PM components (chiefly transition metals in the case of Asc) to their reduced
form, allowing a small amount of PM to generate a measurable amount of ROS.

The Ferrous-Orange Xylenol (FOX) assay is based on the measurement of the oxidation rate of Fe?* to Fe® in the
presence of a specific ligand (orange xylenol) and sorbitol (Laulagnet et al., 2015). When oxidants are introduced
into the reactive mixture, the produced Fe3* combines with orange xylenol, increasing the absorbance at 580 nm
(Dominutti et al., 2023). In addition, the presence of sorbitol in the FOX mixture acts as a chemical amplifier through
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the iterative conversions of OH into H,0, via radical reactions (Gay and Gebicki, 2000). The FOX assay is a recognised
method for determining oxidants (hydroperoxides) in fats and oil material (Bou et al., 2008).

All these offline OP assays generally involve filters from air samplers. It’s of importance to note that both the air
sampling and the preparation of the samples before performing OP assays will influence the results. Its assumed
that filters must be kept cold after collection like for any common chemistry analysis: at least at 4°C before a rapid
analysis or at -20°C if the OP analysis is delayed. This request is to prevent from filter sampling of PM that may lose
reactive species before analysis (Sameenoi et al., 2012, Bates et al., 2019). Then the filters may be prepared prior
analysis on different ways. It has been shown that the choice of solvent extraction will affect the OP results as well
as the time and the type of extraction. As solvents, water, methanol, phosphate buffer and lining fluids (Gamble
solution and Artificial lysomal fluid) are the most used. Methanol is more efficient than water (Yang et al., 2014,
Verma et al., 2012) but reflects poorly lung physiological conditions. Water and simulated lining fluids (SLF)
extraction depicts OP results in the same order of magnitude but filters extracted in SLF show generally a decrease
in OP due to ligand complexations in the lung fluid with an unpredictable coefficient (Calas et al., 2018, Cigankova
etal., 2021)). Water extraction may overestimate the real pulmonary bioaccessibility of PM compounds in the lungs
but research is still ongoing to assess whether SLF extraction is better use prior OP measurements. Finally it has
also be shown that the type of extraction may lead to different OP results whether a simple incubation or an
extraction of different time and different instrument (ultrasounds, vortex or gentle agitation) may lead to
discrepancies (Yang et al., 2014; Calas et al., 2018).

The final OP of PM after measurement can be either normalised by the volume of sampled air to assess human
exposure (OP,) or normalised by the particulate mass concentration (OPm) or by % of antioxidant loss over the
reaction to represent the intrinsic property of particles linked to PM composition and sources.

3.3 Online measurements

The application of acellular offline OP methods has the advantage of providing a robust, high-throughput screening
and low-cost approach to the PM OP by different simultaneous OP assays for the same PM sample. However, these
techniques also have some limitations regarding the collection of fast OP and underestimation of ROS
concentrations due to their short lifetime and achieving long-term monitoring time series. In the last years, a
number of automated prototypes have been developed to enable real-time OP analysis from online measurements
(Campbell et al., 2019; Gao et al., 2017; Huang et al., 2016; Venkatachari and Hopke, 2008; Wang et al., 2011; Wragg
et al,, 2016). These instruments collect the total aerosol (or only PM) into a water collection device, e.g., particle-
into-liquid sampler (PILS), liquid spot sampler (LSS), or mist chamber (MC) to an analytical system (Puthussery et
al., 2018). The offline OP assays and chemical probes frequently used are applied and adapted for online
approaches. To our knowledge, no commercial device is available to date.

Venkatachari and collaborators developed one of the first online devices based on the reaction of DCFH with HRP
to form the fluorescent product DCF that is subsequently detected by fluorescence spectroscopy (Venkatachari and
Hopke, 2008). Similarly, Wang and colleagues developed an effective automated particle-bound ROS sampling
analysis system. Their approach employs the DCFH fluorescence method of collecting PM. s into an aqueous slurry
containing the DCFH solution by using a sharp-cut cyclone and a particle-into-liquid-sampler (PILS) (Wang et al.,
2011). To obtain the total ROS (gas + particles), King and Weber included a mist chamber scrubber, alternating with
gas-phase ROS by using a filter, and determining particle-phase ROS by the difference between total and gas ROS
(King and Weber, 2013).

Over the years, some advances were added to the previous prototypes based on DCFH, mainly related to the
oxidation products of organic compounds. Fuller et al., (2014) were able to prevent the ozonolysis of oleic acid by
improving the extraction of PM, and later, the same group demonstrated the instrument’s sensitivity to a range of
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organic peroxides and SOA generated from the ozonolysis of both a-pinene and limonene (Wragg et al., 2016).
More recently, a new online and offline device improved the separation of DCFH and peroxidase working solutions,
and they were able to avoid ultrasonic filter extraction for offline analysis (Zhou et al., 2018).

Other chemical probes were also applied in the development of online devices. Relying on their previous devices,
the group of Kalberer also accommodated a new ascorbic acid-based chemical assay to quantify PM OP (Campbell
etal., 2019). The OP of a given sample is measured based on the quantification of the oxidised form of ascorbic acid
(AA), the dehydroascorbic acid (DHA). Under acidic conditions, DHA reacts with o-phenylenediamine (OPDA) to
form the product 3-(1,2-dihydroxyethyl)-fluoro[3,4-b]quinoxaline-1-one (DFQ), a highly fluorescent compound
which can be detected by fluorescence spectroscopy (Campbell et al., 2019).

The OPP™" assay was also adopted for OP online purposes by different research groups and improved over the years
(Eiguren-Fernandez et al., 2017; Fang et al., 2015; Gao et al., 2017; Koehler et al., 2014; Puthussery et al., 2018).
Koelher et al., introduced a device based on the DTT assay that couples a particle-into-liquid-sampler with
microfluidic-electrochemical detection (Koehler et al., 2014). A semi-automated OPP™ device was developed by
Fang et al., (2015) and adapted to both water-soluble and insoluble particle components by Gao et al., (2017), and
turned into an online device by Puthussery et al., (2018) by coupling an automated analytical system for DTT activity
determination by collecting PM, s suspension in water (Fang et al., 2015; Gao et al., 2017; Puthussery et al., 2018).
Another online OP®™ monitoring system was developed by gathering a liquid spot sampler (LSS), a three-stage
laminar-flow water condensation device for particle collection, and a classical detection of DTT activity via light
absorbance spectroscopy (Eiguren-Fernandez et al., 2017).

Some online instruments also appear with combined OP assays on parallel lines assessing both OPP™ and OP* (Uzu
et al., 2022) or a multi OP assays into a semi-automated instrument (Yu et al., 2020)

The Particle Into Nitroxide Quencher (PINQ) instrument relies on the 9,10-bis (phenylethynyl) anthracene-nitroxide
(BPEANIt) ROS assay (Brown et al., 2019). The purpose-built aerosol collection device continuously samples PM,
regardless of size or chemistry, directly into a liquid sample, which is later transferred into a specially designed flow-
through fluorimeter for ROS quantification (Brown et al., 2019). The device presents a high time resolution (1 min)
with low detection limits and high stability of the BPEAnit probe.

Beyond chemical probes, several properties of ROS and combustion aerosols make the quantification for online
sampling difficult. PM-bound ROS react readily with the atmosphere (Fuller et al., 2014). Therefore, methodologies
involving either long periods of collection or delays between collection and measurement risk to underestimate the
concentration of PM-bound ROS in PM samples, up to 60% (Zhou et al., 2018). Finally, it has to be noted that despite
considerable effort to develop instruments to assess OP online, their achievement remains challenging. Due to the
large limit of detection of such devices, their use in low-medium polluted environments is still limited and such
research prototypes need some care that is poorly compatible with their routine deployment.

4. The link between PM characteristics and OP

Oxidative potential can be envisaged as a comprehensive metric of PM properties (size, chemical composition,
surface area, sources ...) linked to the particles’ toxicity through oxidative stress (Calas et al., 2018). Therefore, OP
could help to depict those particle characteristics responsible for some observed health effects. In the next sections,
we present the main PM characteristics being evaluated by the literature and the evidence showing the link
between PM and OP.
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4.1 PM Chemistry

There is an increasing number of studies evaluating the relationship between the chemical composition of PM and
OP. Specific OP responses rely on the chemical composition associated with the emission sources of the PM
measured. Recent studies concern volume-normalised OP since it reflects the exposure to redox-active PM after
inhalation, representing the relationship between the intrinsic PM OP and the total PM concentration.

PM is a complex mixture that encompasses many different compounds. PM includes some trace metals and organic
compounds that are known to be able to contribute to free radical reactions, resulting in redox-active species
contributing to the OP response. Several transition metals were found in PM composition, such as Al, As, Ba, Ca,
Cd, Co, Cr, Cs, Cu, Fe, K, Mn, Mo, Ni, Pb, Sb, Sn, V and Zn. If the soluble forms of those metals are known to
participate in redox reactions and to mainly affect OP (Bates et al., 2019), insoluble components also contribute
(Baumann et al., 2022; Calas et al., 2017). These metals predominately originate from anthropogenic sources,
including vehicular mechanical engine wear, tail-pipe emissions, brake wear, coal-fired power plants, residual oil
combustion processes, and metal refineries (Pant and Harrison, 2013; Uzu et al., 2011). Among the different metals,
copper (Cu), iron (Fe) and manganese (Mn) normally had the largest contribution to the OP of PM collected from
the urban sites (Bates et al., 2015; Charrier et al., 2015; Fang et al., 2016; Fujitani et al., 2017; Shirmohammadi et
al., 2017). Transition metals have been positively correlated with «OH and H,0, production measured by the OP®*?
assay. Specifically, iron (Fe(ll) and Fe(lll)) and soluble copper are critical to *OH generation and can have synergistic
effects with each other to produce ¢OH in SLF (Bates et al., 2019 and references therein). Metals also have an effect
on other OP assays, as already discussed in several studies performing OP*4, OP®™ and OP®" (Calas et al., 2018).
OPP™ responds to metals, with significantly impacts of those samples enriched with soluble copper and manganese
(Charrier and Anastasio, 2012). However, this assay is not affected by iron like other OP assays suggesting that OPP™
may not fully capture Fenton chemistry or synergistic effects on ROS, specifically regarding *OH generation (Xiong
et al., 2017). In the case of OP*, several studies have demonstrated positive correlations between this assay and
some transition metals, such as Fe, Cu, Cr, Mn, Co, and Ni, including total and soluble fractions (Calas et al., 2018;
Janssen et al.,, 2015; Pant et al., 2015; Visentin et al., 2016; Yang et al., 2014).

In recent years, few studies have also shown the sensitivity of different OP assays towards organic components of
PM. Among them, organic carbon (OC), quinones, polycyclic aromatic hydrocarbon compounds (PAHs) and humic-
like substances (HULIS) are among the most studied organic species (Calas et al., 2017; Kramer et al., 2016; Lin and
Yu, 2011; Perrone et al., 2016; Shirmohammadi et al., 2017; Verma et al., 2015).

In addition to OP reactivity towards PM compounds, the dependence of OP to ageing and atmospheric processing
has to be considered. This may lead to enhancing or suppressing OP signal in a non-linear way (Daellenbach et al.,
2020; Liu and Chan, 2022; Shahpoury et al., 2021; Wong et al., 2019). Finally, an emerging evidence concerns the
surface-mediated dependence of oxidative potential of components of fine particulate matter. This surface-
mediated dependence may concern the PM substance properties themselves as seen in insoluble metallic particles
and bioaerosols (Samake et al., 2017; Shahpoury et al., 2021; Uzu et al., 2011), or the lung lining fluid interface and
uptake pathways due to the effect of ligand and complexation (Baumann et al., 2022; Calas et al., 2017) that may
also affect OP in a non-linear way.

4.2 Emission sources

Over the last 10 years, very large improvements in source apportionment methods were developed to determine
and quantify the main sources and processes influencing the PM measured at a given location. In addition, some
other studies have focused on linking OP to specific emission sources (Bates et al., 2019 and references therein) or
establishing predictive regression models based on the concentrations of PM constituents (Weber et al., 2018;
Weichenthal et al., 2016). Many studies have recently developed source apportionment techniques, such as
principal component analysis (PCA), positive matrix factorisation (PMF), random forest analysis and multilayer
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perceptron neural models (Borlaza et al., 2021; Daellenbach et al., 2020; Grange et al., 2022; in 't Veld et al., 2022;
Shen et al., 2022; Srivastava et al., 2018; Weber et al., 2021, 2019). Particularly, the PMF model has had several
developments and benefited from a series of standardised procedures and quality assurance controls (Belis et al.,
2019).

Due to the seasonality of emissions sources (e.g. biomass burning in winter), some studies report strong differences
between seasons related to the main emission sources driven OP, whereas others do not (Bates et al., 2015; Borlaza
et al., 2021; Calas et al., 2019; Cesari et al., 2019; Dominutti et al., 2023; Fang et al., 2016; Paraskevopoulou et al.,
2019; Perrone et al., 2016; Pietrogrande et al., 2018; Zhou et al., 2019). In general, those studies performed in
regions with strong seasonal changes (i.e., mountainous areas) presented higher dissimilar source contributions
than those located in temperate areas (i.e., coastal areas). Additionally, several studies have already shown that
different sources of PM have different sensitivities to OP tests (Bates et al., 2015; Cesari et al., 2019; Daellenbach
et al., 2020; Dominutti et al., 2023; Fang et al., 2016; Paraskevopoulou et al., 2019; Verma et al., 2014; Weber et
al., 2018; Zhou et al., 2019). In particular, sources with high concentrations of transition metals, such as road traffic,
road dust and industrial sources, seem to have a higher intrinsic potential than other PM sources for a given OP.
Nevertheless, there is still a limited number of studies integrating long-term PM samples and only sometimes
consider seasonal variability. Consequently, they may not encompass a comprehensive variability of emission
sources for a given site, omitting some important features on the source-related OP. This limitation is even higher
in terms of spatial distribution. Most of the studies were developed in northern regions, where the discrepancies
related to emission sources are less significant.

Finally, attaining a general model linking OP with site-specific PM constituents or emission sources is challenging
because OP depends not only on the concentrations of redox-active species but also on factors that influence the
diversity of redox reactions and the formation of ROS in the human body (Shahpoury et al., 2022). Thus, the
selection of the OP assays to obtain a wide range of OP determinants will depend on previous knowledge about the
PM characteristics for a given location. Combining two or three OP assays with complementary sensitivities will
provide more exhaustive information about the PM characteristics underlying the OP effects on human health.

4.3 Physical properties of PM

Even though it is clear that PM chemical composition plays a role in OP, the effects that PM will have on the
environment and respiratory system also depend on the PM size (Kelly and Fussell, 2017). In ambient air, this size
effect is a direct consequence of the fact that emissions sources display some specific range of size distributions.
For instance, combustion sources are mainly emitted in the fine mode (PM;) whereas non-exhaust emissions from
brake wear are more emitted in the coarse mode (PM2s.10) (Harrison et al., 2020). This leads to more or less reactive
fractions of PM when assessing OP from different site typologies, making OP, PM size-fraction dependent.

That is why it has been reported that mass-normalised OP (OP) and volume-normalised OP (OPy) are dependent
on the PM size fraction. But Hu and co-workers have found that OP of quasi-ultrafine particles (PM ¢s) showed the
strongest OP,, when compared to accumulation mode (PM2s-02s) and coarse mode (PMio-25) particles in Los
Angeles, USA (Hu et al.,2008). Similar findings were also reported in other cities (including Beirut in Lebanon,
Shanghai in China, Bern in Switzerland) and also in metal-rich industrial emissions (Daher et al., 2014; Grange et al.,
2022; Lyu et al., 2018; Uzu et al., 2011). Contrarily, in’t Veld and co-workers did not find a significant dependence
of OPr,, upon particle size (PMio, PM2.sand PM) in Barcelona, Spain (in 't Veld et al., 2022). On the other hand, some
previous studies showed that OP,, related to particle size is commonly smaller than one of OP, for the same PM
sample. For example, volume-normalised OP (OP,) showed the strongest contribution at 0.5-2.5 um in Shanghai
(Lyu et al., 2018), Atlanta, USA (Fang et al., 2017b), and Italian cities (Massimi et al., 2020; Simonetti et al., 2018).
This pattern was not observed in Barcelona, where the OP, was significantly higher for PMo than for PM;sand PM;,
which were both in the same range (in 't Veld et al., 2022). Volume-normalized OP, more relevant to exposure than
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OP., illustrates consistent peaks near 2 um across studies (Bates et al. 2019 and references therein). For example,
Daher and colleagues found that OP, presented higher values at 0.25-2.5 um, while the OP, was stronger at 0.25—
10 um in Beirut (Daher et al., 2014).

The contribution of PM size on the OP also varies with different acellular assays. Some studies compared the OP,
of the same PM sample using different OP assays (i.e., DTT, DCFH, AA, GSH). For example, in a study in London,
OP A disclosed no significant differences related to particle size, but OP,**" showed a slight increase with increasing
particle size (Godri et al., 2011). In an Italian study, authors found that the OP,°™ presented higher levels for the
smallest particles while the OP,** at the largest and the OP,’“™" at the middle particles size range (Massimi et al.,
2020; Simonetti et al., 2018). These discrepancies can be partly attributed to the chemical sensitivities of each OP
assay, which are also related to specific particle sizes and maybe showing different mechanisms or routes for
oxidative stress. For instance, OP°®T shows a higher sensitivity to organic compounds, which tend to be more
present in the fine mode (Rogula-Koztowska, 2016). The results in Barcelona have shown that higher OP levels for
PMio were driven by anthropogenic sources related to combustion (OPP™) and industrial and road dust (OP*)
sources with high contribution of metals and organics (Cu, Fe, OC, EC, Sb and Sn) (in 't Veld et al., 2022). Finally, the
surface area could be a driving factor for in vivo oxidative stress (Kelly and Fussell, 2012). Surface area and size are
two closely related characteristics of PM, since an increase in surface area to volume ratio is observed for smaller
particles (He and Zhang, 2022). Nevertheless, the induction of ROS by the interactions between PM surface area
and biological systems cannot be captured by the OP acellular assays, and more in vivo developments are needed
to better understand its effect (He and Zhang, 2022).

Globally, the PM chemical composition, which varies by emission source and atmospheric photochemical processes,
seems to drive the size distribution of OP, which varies by assay type (Bates et al. 2019). Consequently, PM size,
chemical composition, and processing may result in ubiquitous and specific health effects.

5. OP in epidemiological studies

It was beyond the scope of this deliverable to provide a systematic review of all epidemiological studies that have
evaluated OP as an alternative exposure metric in association with health. We therefore do not draw strong
conclusions about the value of OP relative to other metrics. We have however identified a sizable number of
epidemiological studies that evaluated OP, allowing us to assess the potential value of OP in future routine
monitoring and subsequent health studies.

Numerous epidemiological studies have reported associations between air pollution, especially PM, and various
health outcomes (mortality, morbidity, and respiratory and cardiovascular diseases). Lelieveld et al. (2020)
highlighted that air pollution reduces 2 years of the life expectancy of Europeans. The latest EEA estimates that at
a minimum 238,000 people died prematurely in the EU in 2020 due to exposure to PM2.5 pollution. Moreover, a
recent study by Lelieveld et al. (2019) disclosed that the attributable excess mortality rate is about 8.8 million per
year, which is about twice the global premature mortality estimated before at 4.5 million people a year. According
to WHO, the most vulnerable to air pollution are the population with pre-existing respiratory or cardiovascular
europe-2022.diseases, as well as elderly people and children.

In recent years, an increase in epidemiological studies has shown the associations between PM and restricted foetal
growth (Maisonet et al., 2019; Li et al., 2017). A few have assessed that oxidative stress can lead to tissue damage
which can potentially lead to a rupture causing leakage in the maternal circulation (Tjoa et al., 2006) and placental
disease (Huang et al., 2017; Rahmalia et al., 2012) contributing to foetal growth restriction (Duhig et al., 2016;
Ozsurekci and Aykac, 2016; Rashid et al., 2018). Additionally, Johnson et al. (2021) revealed that maternal exposure
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to fine and ultrafine PM produces adverse birth outcomes and impacts the child’s respiratory and immune systems,
as well as brain development.

In the same way, several studies suggested that long-term exposure to high levels of PM is directly linked to
cardiovascular issues, with an increased mortality rate in highly exposed individuals (Chen and Hoek, 2020; Wang
et al., 2016). Furthermore, epidemiological studies indicate that long-term exposure to PM increases the chance of
strokes, vascular hypertension, and other cardiovascular pathologies (WHO, 2013 and 2021, Lelieveld and Miinzel,
2020; Manisalidis et al., 2020). As for the respiratory system, short-term exposure to PM is closely correlated to
cough, shortness of breath, asthma, and high hospitalisation rates. Long-term exposure to air pollution can also be
related to chronic asthma and pulmonary insufficiency and might even promote lung cancer (Manisalidis et al.,
2020). Chen and Hoek (2020) review the association between long-term exposure to PM,s and mortality using
cohort and case-control studies in primarily Europe and the United States. Clear evidence of association was
highlighted between PM,sand PM10 with mortality from all causes, cardiovascular and respiratory diseases and
lung cancer. SAmong all PM constituents, metals and organic compounds are the two most important contributors
to PM OP (He and Zhang, 2022). For example, Ng and collaborators found that among various PM, s constituents,
only organic carbon was adversely associated with lung function in asthmatics (Ng et al., 2019). Similarly, it has
been found that organic carbon was the only PM component significantly associated with lung function in children
with asthma (He et al., 2021).

Recently, OP of PM and their related sources have been linked to certain health outcomes. Nevertheless, clear
evidence of OP as a good proxy of specific health outcomes is still needed, and there is so far no consensus toward
a standardised method to measure the PM’s OP. In the last years, increased evidence has associated OPP™ and OPAA
assays with health endpoints (Bates et al., 2015; Borlaza et al., 2022; Canova et al., 2014; Fang et al., 2017b; Janssen
etal., 2015; Marsal et al., 2023; Strak et al., 2017; Weichenthal et al., 2016; Yang et al., 2016). We distinguish studies
of short-term exposure (using temporal contrast in exposure, typical on a daily basis) and long-term exposure (using
spatial variability).

Several studies have evaluated the associations between OP assays and health endpoints. Some of them used OP
observations and modelling approaches, such as land-use regression models (LUR), to evaluate the OP's spatial
variability when measurements were unavailable (Bates et al., 2015; Fang et al., 2017a; Gulliver et al., 2018; Strak
et al., 2017). In most studies using the acid ascorbic probe, OP** depicted no association with adverse health
endpoints, including early-life outcomes, respiratory and cardiovascular mortality, cardiorespiratory emergencies,
and lung cancer mortality (Borlaza et al., 2022; Fang et al., 2017b; Maikawa et al., 2016; Marsal et al., 2023;
Weichenthal et al., 2016). But some positive associations were found for OP* and systemic inflammatory
biomarkers, as well as for OP®*, in short-term exposure studies (Janssen et al., 2015; Liu et al., 2018). These results
so far suggest that OP* provides limited information on the link between OP and adverse health effects, but the
number of studies is still too limited to exclude its predictive capacity towards health. A study in 2022 found strong
associations between outdoor fine particles, oxidising gases and respiratory hospitalisations in children and
mortality when metals, sulphur and for OP (mainly for OP®*" and also for specific cases for OP**) were high (Korsiak
et al., 2022; Toyib et al., 2022).

On the other hand, two thiol-base probes have shown more positive associations with health. OP®™ has been linked
with various acute cardiac (e.g. myocardial infarction) and respiratory endpoints in several studies (Abrams et al.,
2017; Bates et al., 2015; Delfino et al., 2005; Fang et al.,, 2017b, 2016; He et al., 2021; Janssen et al., 2015;
Weichenthal et al., 2016; Yang et al., 2016). A Canadian cohort (193 000 participants) showed some significant
association for OP®" and cause-specific mortality as well as lung cancer (Weichenthal et al., 2016). Recently, as a
result of a long-term cohort study, Marsal and co-workers have shown a consistent association between personal
prenatal OP,’™" and several early-life lung function parameters related to lung growth restriction (Marsal et al.,
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2023). Such findings are aligned with pioneering studies using the PIAMA cohort to show that respiratory health
was more strongly associated with OP,°™" than with PM2.5 mass (Yang et al., 2016). Similarly, two cohort studies
found some positive associations between personal OP exposure to PM,sand foetal growth restrictions, specifically
decreased weight and height at birth for OP®™ and OP®" (Borlaza et al., 2022; Lavigne et al., 2018). Overall, a key
point of most of the previously reported studies is that OP was more predictive than other components including
PM mass.

Finally, one study with the emerging direct radical *OH measurement in lining fluid found some positive associations
for OP°" and asthma, cardiovascular disease and low-birth weight (also seen for OP®™) in Los-Angeles (Shen et al.,
2022). As for OPER further studies involving OP®" are needed to assess some statistics on such methodologies that
are promising. Note that OP°"should be easier to deploy because it can be assessed in a classic laboratory whereas
OPER requires some scarce specific device that may prevent routine measurements.

These studies increase evidence about the relevance of OP of PM; s as a useful health-based exposure metric. They
also promote the use of OP assays relying on antioxidant thiol-based probe with a wide and balanced sensitivity to
PM compounds: OPP™ and OP®*" are to date the most promising OP assays (with probably still a small advantage
for OPP™ due to its wider application in more epidemiological for being the oldest assay). Our conclusions agree
with a recent review of the literature (Gao, 2020).

Overall, epidemiological evidence remains limited because this field of research is relatively recent. The application
of OP in health studies has been enabled very recently (less than 10 years), with the emerging of less time-
consuming OP methodologies. This is why more epidemiological studies assessing OP relevance for health will be
needed. But these studies have to be done with standardised OP protocols to inform about the capacity of OP to
be an additional or health predictor than PM mass and how the PM characteristics and the different OP assays can
link the acute and chronic health effects associated with air pollution.

6. Conclusions and recommendations

Research on OP started in 2005 and considerable effort has been put into developing protocols and then linking
this new parameter to PM compounds, their emission sources and adverse health effects. Improvements in recent
years in high-throughput off-line techniques and on-line OP devices, as well as in the apportionment of PM OP
sources, will have a significant impact on targeting emission sources that are key to creating lung oxidative damage
and reducing the health effects of air pollution.

Despite all the recent improvements in the state of knowledge on OPs, further developments are still needed to
achieve standardisation of the different OP tests. This is compulsory to reach a scientific consensus for comparison
purposes and to allow a wide and accurate use of this measure.

To date OP assays rely mainly on off-line measurements from air samplers. OP assays generally involve filters from
air samplers incubating filtered PM extracts (water-soluble OP) or unfiltered PM suspensions (total OP including
water-soluble and insoluble fractions) with chemical reagents or probes. The response is recorded over time or
after incubation, according to the OP method used. It’s important to highlight that preparation of the samples
before running assays may affect the OP results. It's important that filters may have been frozen (or kept at 4°C
cold if the analysis is fast after collection) after sampling to avoid loss of reactive species. The preparation of the
samples before OP assays as solvent of extraction (water, methanol or lining fluid), time and type of extraction
(ultrasounds, vortex or gentle agitation) may also lead to discrepancies in OP results (Yang et al., 2014; Calas et al.,
2018). This will need to be standardised, but it is now too early to give explicit recommendations as these matters
are the subject of ongoing research.
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As discussed in this deliverable, the OP observations and the assignment of its source-specific contributions depend
on the assay used, which will consequently have implications for the conclusions obtained. The choice of a given
OP methodology affects the PM source exposure ranking, which can complicate the message to deliver to local
stakeholders for mitigation actions (Dominutti et al., 2023; Gao et al., 2020). But the future choice of the best OP
assay (or combination) does not depend on the link done with PM compounds and sources, but on health
evidence. To date, only five, and mainly three, OP methodologies were tested towards health endpoints. Until now,
little evidence was found between OP** and diseases observed in populations, despite some associations with
biomarkers of inflammation. There is a lack of studies to be conclusive for emerging direct OP assays (OP°" and
OPER), This is why, in the absence of other assays with a sufficient number of studies, thiol-based OP assays, hamely
OPP°™ and OPSH, emerge as the most promising OP assays regarding health evidence. The evidence is sufficient
to recommend additional routine monitoring on a larger temporal and spatial scale. Routine monitoring will greatly
enhance the power of epidemiological studies further investigating the link between OP and health. To be more
informative, should further include more traditional air pollution metrics such as PM;s, PMig and NO; to evaluate
the additional value of OP.

Therefore, at this stage of the state-of-the-art, a set of OP assays still recommended evaluating the links with the
sources and adverse health effects. At least two complementary assays (a thiol-based probe and another one) are
useful to capture insight from a wide range of redox-active species. To date, this is the unique way to assess the
complete picture of the most oxidising PM compounds/sources and to evaluate their relation to health effects.
Finally, the selection of the complementary OP tests to be applied in a given place needs to be wisely evaluated
and will strongly depend on the previous knowledge about the geochemistry of sources, concentrations and
chemical composition of PM evaluated. Such a strategy is also essential, since this affects the message to be
delivered about the targeted sources in future mitigation policies.

Furthermore, most of the studies in the literature were developed in northern mid-latitude regions, where the
levels of air pollution are less critical than those observed in low/middle-income countries. Large-scale studies are
needed to better elucidate how these PM levels and regional-specific sources impact the more vulnerable
population groups.

Finally, there is still a need for epidemiological evidence linking OP and adverse health outcomes to better evaluate
the viability of OP as a health-relevant metric of PM exposure. Therefore, the development and testing of various
OP assays with wider sensitivities to redox active species should continue as long as the link between OP-health
outcomes is not clearly established to enhance its value as a strong predictor of adverse health outcomes and to
provide a full view of the toxicity of PM sources.

At least, existing data from the last 15 years may be considered sufficient to support the use of OP as a health-
relevant indicator of exposure that can complement PM mass concentration, but there are still significant
methodological issues that need to be addressed before this measure can be deployed on a large scale and with
precision.

To sum up, recommendations than can be given to date are:

- OP measurements can perform online and offline. Offline measurements from filters can be assessed on
different type of filters and it’s important to have blank measurements. Filters must be kept cold after
sampling (at 4°C if the OP analysis is done within few days after collection or -20°c if the analysis is delayed)

- The extraction of the filters is still a research question but water and simulated lining fluid are better
options than methanol to stick to physiological conditions in the lung.
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- Two complementary OP assays: a thiol-based probe and another one are recommended to provide a better
picture of the potential oxidizing damages from PM compounds and to strengthen the power of
epidemiological studies.

With this respect, the first international intercomparison [1] of OP assays launched by the EU RI-Urbans project in
2023 will be of utmost benefit to bring some results for a further standardisation of OP°™ and will enable to update
some of the previous recommendations

[1] A simplified OPP™ protocol (Annex 1) has been set up and applied by almost 20 participating groups overseas.

7. References

Abrams, LY., Weber, R.J., Klein, M., Samat, S.E., Chang, H.H., Strickland, M.J., Verma, V., Fang, T., Bates, J.T,,
Mulholland, J.A., Russell, A.G., Tolbert, P.E., 2017. Associations between Ambient Fine Particulate Oxidative
Potential and Cardiorespiratory Emergency Department Visits. Environ. Health Perspect. 125, 107008.
https://doi.org/10.1289/EHP1545

Alkoussa, S., Hulo, S., Courcot, D., Billet, S., Martin, P.J., 2020. Extracellular vesicles as actors in the air pollution
related cardiopulmonary diseases. Crit. Rev. Toxicol. 50, 402-423.
https://doi.org/10.1080/10408444.2020.1763252

Bates, J.T., Fang, T., Verma, V., Zeng, L., Weber, R.J., Tolbert, P.E., Abrams, J.Y., Sarnat, S.E., Klein, M., Mulholland,
J.A., Russell, A.G., 2019. Review of Acellular Assays of Ambient Particulate Matter Oxidative Potential: Methods
and Relationships with Composition, Sources, and Health Effects. Environ. Sci. Technol. 53, 4003—-4019.
https://doi.org/10.1021/acs.est.8b03430

Bates, J.T., Weber, R.J., Abrams, J., Verma, V., Fang, T., Klein, M., Strickland, M.J., Sarnat, S.E., Chang, H.H,,
Mulholland, J.A., Tolbert, P.E., Russell, A.G., 2015. Reactive Oxygen Species Generation Linked to Sources of
Atmospheric Particulate Matter and Cardiorespiratory Effects. Environ. Sci. Technol. 49, 13605-13612.
https://doi.org/10.1021/acs.est.5b02967

Baumann, K., Wietzoreck, M., Shahpoury, P., Filippi, A., Hildmann, S., Lelieveld, S., Berkemeier, T., Tong, H., PAschl,
U., Lammel, G., 2022. Is the oxidative potential of components of fine particulate matter surface-mediated?
Environ. Sci. Pollut. Res. https://doi.org/10.1007/s11356-022-24897-3

Belis, C.A., Pikridas, M., Lucarelli, F., Petralia, E., Cavalli, F., Calzolai, G., Berico, M., Sciare, J., 2019. Source
apportionment of fine PM by combining high time resolution organic and inorganic chemical composition
datasets. Atmospheric Environ. X 3, 100046. https://doi.org/10.1016/j.aea0a.2019.100046

Borlaza, L.J.S., Uzu, G., Ouidir, M., Lyon-Caen, Sarah, Marsal, A., Weber, S., Siroux, Valérie, Lepeule, Johanna,
Boudier, A., Jaffrezo, J.-L., Slama, Rémy, Lyon-Caen, S., Siroux, V., Lepeule, J., Philippat, C., Slama, R., Hofmann,
P., Hullo, E., Llerena, C., Quentin, J., Pin, |, Eyriey, E., Licinia, A., Vellement, A., Morin, X., Morlot, A., the SEPAGES
cohort study group, 2022. Personal exposure to PM2.5 oxidative potential and its association to birth outcomes.
J. Expo. Sci. Environ. Epidemiol. https://doi.org/10.1038/s41370-022-00487-w

Borlaza, L.J.S., Weber, S., Uzu, G., Jacob, V., Cafiete, T., Micallef, S., Trébuchon, C., Slama, R., Favez, O., Jaffrezo, J.-
L., 2021. Disparities in particulate matter (PM10) origins and oxidative potential at a city scale (Grenoble, France)

13
RI-URBANS (www.RIURBANS.eu) is supported by the European Commission under the Horizon 2020 — Research and Innovation
Framework Programme, H2020-GD-2020, Grant Agreement number: 101036245



http://www.riurbans.eu/

RI-URBANS
WP2 Deliverable D11 (D2.3)

— Part 1: Source apportionment at three neighbouring sites. Atmospheric Chem. Phys. 21, 5415-5437.
https://doi.org/10.5194/acp-21-5415-2021

Bou, R., Codony, R., Tres, A., Decker, E.A., Guardiola, F., 2008. Determination of hydroperoxides in foods and
biological samples by the ferrous oxidation—xylenol orange method: A review of the factors that influence the
method’s performance. Anal. Biochem. 377, 1-15. https://doi.org/10.1016/j.ab.2008.02.029

Brown, R.A., Stevanovic, S., Bottle, S., Ristovski, Z.D., 2019. An instrument for the rapid quantification of PM-bound
ROS: the Particle Into Nitroxide Quencher (PINQ). Atmospheric Meas. Tech. 12, 2387-2401.
https://doi.org/10.5194/amt-12-2387-2019

Burnett, R., Chen, H., Szyszkowicz, M., Fann, N., Hubbell, B., Pope, C.A., Apte, J.S., Brauer, M., Cohen, A.,
Weichenthal, S., Coggins, J., Di, Q., Brunekreef, B., Frostad, J., Lim, S.S., Kan, H., Walker, K.D., Thurston, G.D.,
Hayes, R.B., Lim, C.C., Turner, M.C., Jerrett, M., Krewski, D., Gapstur, S.M., Diver, W.R., Ostro, B., Goldberg, D.,
Crouse, D.L., Martin, R.V., Peters, P., Pinault, L., Tiepkema, M., Donkelaar, A.V., Villeneuve, P.J., Miller, A.B., Yin,
P., Zhou, M., Wang, L., Janssen, N.A.H., Marra, M., Atkinson, R.W., Tsang, H., Thach, T.Q., Cannon, J.B., Allen,
R.T., Hart, J.E., Laden, F., Cesaroni, G., Forastiere, F., Weinmayr, G., Jaensch, A., Nagel, G., Concin, H., Spadaro,
J.V., 2018. Global estimates of mortality associated with longterm exposure to outdoor fine particulate matter.
Proc. Natl. Acad. Sci. U. S. A. 115, 9592-9597. https://doi.org/10.1073/pnas.1803222115

Calas, A., Uzu, G., Besombes, J.L., Martins, J.M.F., Redaelli, M., Weber, S., Charron, A., Albinet, A., Chevrier, F.,
Brulfert, G., Mesbah, B., Favez, O., Jaffrezo, J.L., 2019. Seasonal variations and chemical predictors of oxidative
potential (OP) of particulate matter (PM), for seven urban French sites. Atmosphere 10, 1-20.
https://doi.org/10.3390/atmos10110698

Calas, A., Uzu, G., Kelly, F.J., Houdier, S., Martins, J.M.F., Thomas, F., Molton, F., Charron, A., Dunster, C., Oliete, A,
Jacob, V., Besombes, J.-L., Chevrier, F., Jaffrezo, J.-L., 2018. Comparison between five acellular oxidative
potential measurement assays performed with detailed chemistry on PM10 samples from the city of Chamonix
(France). Atmospheric Chem. Phys. 18, 7863—7875. https://doi.org/10.5194/acp-18-7863-2018

Calas, A., Uzu, G., Martins, J.M.F., Voisin, D., Spadini, L., Lacroix, T., Jaffrezo, J.-L., 2017. The importance of simulated
lung fluid (SLF) extractions for a more relevant evaluation of the oxidative potential of particulate matter. Sci.
Rep. 7, 11617. https://doi.org/10.1038/s41598-017-11979-3

Campbell, S.J., Utinger, B., Lienhard, D.M., Paulson, S.E., Shen, J., Griffiths, P.T., Stell, A.C., Kalberer, M., 2019.
Development of a Physiologically Relevant Online Chemical Assay To Quantify Aerosol Oxidative Potential. Anal.
Chem. 91, 13088-13095. https://doi.org/10.1021/acs.analchem.9b03282

Canova Cristina, Minelli Cosetta, Dunster Christina, Kelly Frank, Shah Pallav, Caneja Cielito, Tumilty Michael, Burney
Peter, 2014. Geographic disparities in us mortality. Epidemiology, Letters 25.
https://doi.org/10.1097/EDE.0000000000000085

Cassee, F.R., Héroux, M.-E., Gerlofs-Nijland, M.E., Kelly, F.J., 2013. Particulate matter beyond mass: recent health
evidence on the role of fractions, chemical constituents and sources of emission. Inhal. Toxicol. 25, 802—-812.
https://doi.org/10.3109/08958378.2013.850127

Cesari, D., Merico, E., Grasso, F.M., Decesari, S., Belosi, F., Manarini, F., Nuntiis, P.D., Rinaldi, M., Volpi, F., Gambaro,
A., Morabito, E., Contini, D., 2019. Source Apportionment of PM2.5 and of its Oxidative Potential in an Industrial
Suburban Site in South Italy. Atmosphere 10, 758. https://doi.org/10.3390/atmos10120758

14
RI-URBANS (www.RIURBANS.eu) is supported by the European Commission under the Horizon 2020 — Research and Innovation
Framework Programme, H2020-GD-2020, Grant Agreement number: 101036245



http://www.riurbans.eu/

RI-URBANS
WP2 Deliverable D11 (D2.3)

Charrier, J.G., Anastasio, C., 2012. On dithiothreitol (DTT) as a measure of oxidative potential for ambient particles:
evidence for the importance of soluble transition metals. Atmospheric Chem. Phys. 12, 9321-9333.
https://doi.org/10.5194/acp-12-9321-2012

Charrier, J.G., Richards-Henderson, N.K., Bein, K.J., McFall, A.S., Wexler, A.S., Anastasio, C., 2015. Oxidant
production from source-oriented particulate matter - Part 1: Oxidative potential using the dithiothreitol (DTT)
assay. Atmospheric Chem. Phys. 15, 2327-2340. https://doi.org/10.5194/acp-15-2327-2015

Chen, J., Hoek, G., 2020. Long-term exposure to PM and all-cause and cause-specific mortality: A systematic review
and meta-analysis. Environ. Int. 143, 105974. https://doi.org/10.1016/j.envint.2020.105974

Cho, A.K., Sioutas, C., Miguel, A.H., Kumagai, Y., Schmitz, D.A., Singh, M., Eiguren-Fernandez, A., Froines, J.R., 2005.
Redox activity of airborne particulate matter at different sites in the Los Angeles Basin. Environ. Res. 99, 40—47.
https://doi.org/10.1016/j.envres.2005.01.003

Cigankova H, Mikuska P, Hegrova J, Krajcovic J. Comparison of oxidative potential of PM1 and PM2.5 urban aerosol
and bioaccessibility of associated elements in three simulated lung fluids. Sci Total Environ. 2021 Dec
15;800:149502

Crobeddu, B., Aragao-Santiago, L., Bui, L.-C., Boland, S., Squiban, A.B., 2017. Oxidative potential of particulate
matter 2.5 as predictive indicator of cellular stress. Environ. Pollut. 230, 125-133.
https://doi.org/10.1016/j.envpol.2017.06.051

Dabass, A., Talbott, E.O., Rager, J.R., Marsh, G.M., Venkat, A., Holguin, F., Sharma, R.K., 2018. Systemic inflammatory
markers associated with cardiovascular disease and acute and chronic exposure to fine particulate matter air
pollution (PM2.5) among US NHANES adults with metabolic syndrome. Environ. Res. 161, 485-491.
https://doi.org/10.1016/j.envres.2017.11.042

Daellenbach, K.R., Uzu, G., Jiang, J., Cassagnes, L.-E., Leni, Z., Vlachou, A., Stefenelli, G., Canonaco, F., Weber, S.,
Segers, A., Kuenen, J.J.P., Schaap, M., Favez, O., Albinet, A., Aksoyoglu, S., Dommen, J., Baltensperger, U., Geiser,
M., Haddad, I.E., Jaffrezo, J.-L., Prévot, A.S.H., 2020. Sources of particulate-matter air pollution and its oxidative
potential in Europe. Nature 587, 414—-419. https://doi.org/10.1038/s41586-020-2902-8

Daher, N., Saliba, N.A., Shihadeh, A.L., Jaafar, M., Baalbaki, R., Shafer, M.M., Schauer, J.J., Sioutas, C., 2014.
Oxidative potential and chemical speciation of size-resolved particulate matter (PM) at near-freeway and urban
background sites in the greater Beirut area. Sci. Total Environ. 470-471, 417-426.
https://doi.org/10.1016/j.scitotenv.2013.09.104

Delfino, R.J., Sioutas, C., Malik, S., 2005. Potential role of ultrafine particles in associations between airborne particle
mass and cardiovascular health. Environ. Health Perspect. 113, 934-946. https://doi.org/10.1289/ehp.7938

Dominutti, P., Borlaza, L.J.S., Sauvain, J.-J., Ngoc Thuy, Vy Dinh, Houdier, S., Da, G., laffrezo, J.L., Tobin, S.,
Trébuchon, C., Socquet, S., Moussu, E., Mary, G., Uzu, Gaelle, G., 2023. Source apportionment of oxidative
potential depends on the choice of the assay: insights into 5 protocols comparison and implications for
mitigation measures. Environ. Sci. Atmospheres Submitted.

Donaldson, K., Stone, V., Seaton, A., MacNee, W., 2001. Ambient particle inhalation and the cardiovascular system:
Potential mechanisms. Environ. Health Perspect. 109, 523-527. https://doi.org/10.1289/ehp.01109s4523

Duhig, K., Chappell, L.C., Shennan, A.H., 2016. Oxidative stress in pregnancy and reproduction. Obstet. Med. 9, 113—
116. https://doi.org/10.1177/1753495X16648495

15
RI-URBANS (www.RIURBANS.eu) is supported by the European Commission under the Horizon 2020 — Research and Innovation
Framework Programme, H2020-GD-2020, Grant Agreement number: 101036245



http://www.riurbans.eu/
https://doi.org/10.1016/j.envres.2005.01.003
https://doi.org/10.1016/j.envres.2005.01.003
https://doi.org/10.1016/j.envres.2005.01.003

RI-URBANS
WP2 Deliverable D11 (D2.3)

Eiguren-Fernandez, A., Kreisberg, N., Hering, S., 2017. An online monitor of the oxidative capacity of aerosols (o-
MOCA). Atmospheric Meas. Tech. 10, 633-644. https://doi.org/10.5194/amt-10-633-2017

Fang, T., Guo, H., Zeng, L., Verma, V., Nenes, A., Weber, R.J., 2017a. Highly Acidic Ambient Particles, Soluble Metals,
and Oxidative Potential: A Link between Sulfate and Aerosol Toxicity. Environ. Sci. Technol. 51, 2611-2620.
https://doi.org/10.1021/acs.est.6b06151

Fang, T., Verma, V., Bates, J.T., Abrams, J., Klein, M., Strickland, J.M., Sarnat, E.S., Chang, H.H., Mulholland, A.J,,
Tolbert, E.P., Russell, G.A., Weber, J.R., 2016. Oxidative potential of ambient water-soluble PM2.5 in the
southeastern United States: Contrasts in sources and health associations between ascorbic acid (AA) and
dithiothreitol (DTT) assays. Atmospheric Chem. Phys. 16, 3865—3879. https://doi.org/10.5194/acp-16-3865-
2016

Fang, T., Verma, V., Guo, H., King, L.E., Edgerton, E.S., Weber, R.J., 2015. A semi-automated system for quantifying
the oxidative potential of ambient particles in aqueous extracts using the dithiothreitol (DTT) assay: results from
the Southeastern Center for Air Pollution and Epidemiology (SCAPE). Atmospheric Meas. Tech. 8, 471-482.
https://doi.org/10.5194/amt-8-471-2015

Fang, T., Zeng, L., Gao, D., Verma, V., Stefaniak, A.B., Weber, R.J., 2017b. Ambient Size Distributions and Lung
Deposition of Aerosol Dithiothreitol-Measured Oxidative Potential: Contrast between Soluble and Insoluble
Particles. Environ. Sci. Technol. 51, 6802-6811. https://doi.org/10.1021/acs.est.7b01536

Fujitani, Y., Furuyama, A., Tanabe, K., Hirano, S., 2017. Comparison of Oxidative Abilities of PM2.5 Collected at
Traffic and Residential Sites in Japan. Contribution of Transition Metals and Primary and Secondary Aerosols.
Aerosol Air Qual. Res. 17, 574-587. https://doi.org/10.4209/aaqr.2016.07.0291

Fuller, S.J., Wragg, F.P.H., Nutter, J., Kalberer, M., 2014. Comparison of on-line and off-line methods to quantify
reactive  oxygen species (ROS) in atmospheric aerosols. Atmos. Environ. 92, 97-103.
https://doi.org/10.1016/j.atmosenv.2014.04.006

Gao, D,, Fang, T., Verma, V., Zeng, L., Weber, R., 2017. A method for measuring total aerosol oxidative potential
(OP) with the dithiothreitol (DTT) assay and comparisons between an urban and roadside site of water-soluble
and total OP  (preprint).  Aerosols/Laboratory = Measurement/Instruments and  Platforms.
https://doi.org/10.5194/amt-2017-70

Gao, D., Ripley, S., Weichenthal, S., Pollitt, K.J.G., 2020. Ambient particulate matter oxidative potential: Chemical
determinants, associated health effects, and strategies for risk management. Free Radic. Biol. Med. 151, 7-25.
https://doi.org/10.1016/j.freeradbiomed.2020.04.028

Gay, C., Gebicki, J.M., 2000. A critical evaluation of the effect of sorbitol on the ferric-xylenol orange hydroperoxide
assay. Anal. Biochem. 284, 217-220. https://doi.org/10.1006/abio.2000.4696

Godri, K.J., Harrison, R.M., Evans, T., Baker, T., Dunster, C., Mudway, |.S., Kelly, F.J., 2011. Increased Oxidative
Burden Associated with Traffic Component of Ambient Particulate Matter at Roadside and Urban Background
Schools Sites in London. PLoS ONE 6, e21961. https://doi.org/10.1371/journal.pone.0021961

Goldsmith, C.-A., Frevert, C., Imrich, A., Sioutas, C., Kobzik, L., 1997. Alveolar Macrophage Interaction with Air
Pollution Particulates. Environ. Health Perspect. 105, 1191. https://doi.org/10.2307/3433531

Gonzalez, D.H., Cala, C.K., Peng, Q., Paulson, S.E., 2017. HULIS Enhancement of Hydroxyl Radical Formation from
Fe(ll): Kinetics of Fulvic Acid—Fe(ll) Complexes in the Presence of Lung Antioxidants. Environ. Sci. Technol. 51,
7676-7685. https://doi.org/10.1021/acs.est.7b01299

16
RI-URBANS (www.RIURBANS.eu) is supported by the European Commission under the Horizon 2020 — Research and Innovation
Framework Programme, H2020-GD-2020, Grant Agreement number: 101036245



http://www.riurbans.eu/

RI-URBANS
WP2 Deliverable D11 (D2.3)

Grange, S.K., Uzu, G., Weber, S., Jaffrezo, J., Hueglin, C., 2022. Linking Switzerland’s PM;10 and PM2.5 oxidative
potential (OP) with emission sources. Atmospheric Chem. Phys. 22, 7029-7050. https://doi.org/10.5194/acp-
22-7029-2022

Gulliver, J., Morley, D., Dunster, C., McCrea, A., van Nunen, E., Tsai, M.-Y., Probst-Hensch, N., Eeftens, M., Imboden,
M., Ducret-Stich, R., Naccarati, A., Galassi, C., Ranzi, A., Nieuwenhuijsen, M., Curto, A., Donaire-Gonzalez, D.,
Cirach, M., Vermeulen, R., Vineis, P., Hoek, G., Kelly, F.J., 2018. Land use regression models for the oxidative
potential of fine particles (PM 2.5 ) in five European areas. Environ. Res. 160, 247-255.
https://doi.org/10.1016/j.envres.2017.10.002

Hart, J.E., Liao, X., Hong, B., Puett, R.C., Yanosky, J.D., Suh, H., Kioumourtzoglou, M.-A., Spiegelman, D., Laden, F.,
2015. The association of long-term exposure to PM2.5 on all-cause mortality in the Nurses’ Health Study and
the impact of measurement-error correction. Environ. Health 14, 38. https://doi.org/10.1186/s12940-015-0027-
6

He, L., Norris, C., Cui, X., Li, Z., Barkjohn, K.K., Brehmer, C., Teng, Y., Fang, L., Lin, L., Wang, Q., Zhou, X., Hong, J., Li,
F., Zhang, Y., Schauer, J.J., Black, M., Bergin, M.H., Zhang, J.J., 2021. Personal Exposure to PM ;s Oxidative
Potential in Association with Pulmonary Pathophysiologic Outcomes in Children with Asthma. Environ. Sci.
Technol. 55, 3101-3111. https://doi.org/10.1021/acs.est.0c06114

He, L., Zhang, J. (Jim), 2022. Particulate matter (PM) oxidative potential: Measurement methods and links to PM
physicochemical characteristics and health effects. Crit. Rev. Environ. Sci. Technol. 53, 177-197.
https://doi.org/10.1080/10643389.2022.2050148

Hellack, B., Yang, A., Cassee, F.R., Janssen, N.A.H., Schins, R.P.F., Kuhlbusch, T.A.J., 2014. Intrinsic hydroxyl radical
generation measurements directly from sampled filters as a metric for the oxidative potential of ambient
particulate matter. J. Aerosol Sci. 72, 47-55. https://doi.org/10.1016/].jaerosci.2014.02.003

Hu, S., Polidori, A., Arhami, M., Shafer, M. M., Schauer, J. J., Cho, A., and Sioutas, C.: Redox activity and chemical
speciation of size fractioned PM in the communities of the Los Angeles-Long Beach harbor, Atmos. Chem. Phys.,
8, 6439-6451, https://doi.org/10.5194/acp-8-6439-2008, 2008.

Huang, W., Zhang, Yuanxun, Zhang, Yang, Zeng, L., Dong, H., Huo, P., Fang, D., Schauer, J.J., 2016. Development of
an automated sampling-analysis system for simultaneous measurement of reactive oxygen species (ROS) in gas
and particle phases: GAC-ROS. Atmos. Environ. 134, 18-26. https://doi.org/10.1016/j.atmosenv.2016.03.038

Huang, X., Liu, Z., Liu, J., Hu, B., Wen, T., Tang, G., Zhang, J., Wu, F,, Ji, D., Wang, L., Wang, Y., 2017. Chemical
characterization and synergetic source apportionment of PM&It;sub&gt;2.5&lIt;/sub&gt; at multiple sites in the
Beijing—Tianjin—Hebei region, China (preprint). Aerosols/Field Measurements/Troposphere/Chemistry
(chemical composition and reactions). https://doi.org/10.5194/acp-2017-446

in 't Veld, M., Pandolfi, M., Amato, F., Pérez, N., Reche, C., Dominutti, P., Jaffrezo, J., Alastuey, A., Querol, X., Uzu,
G., 2022. Discovering oxidative potential (OP) drivers of atmospheric PM10, PM2.5, and PM1 simultaneously in
North-Eastern Spain. Sci. Total Environ. 857, 159386. https://doi.org/10.1016/j.scitotenv.2022.159386

Janssen, N.A.H., Strak, M., Yang, A., Hellack, B., Kelly, F.J., Kuhlbusch, T.A.J., Harrison, R.M., Brunekreef, B., Cassee,
F.R., Steenhof, M., Hoek, G., 2015. Associations between three specific a-cellular measures of the oxidative
potential of particulate matter and markers of acute airway and nasal inflammation in healthy volunteers.
Occup. Environ. Med. 72, 49-56. https://doi.org/10.1136/0emed-2014-102303

Johnson, N.M., Hoffmann, A.R., Behlen, J.C,, Lau, C., Pendleton, D., Harvey, N., Shore, R., Li, Y., Chen, J., Tian, Y.,
Zhang, R., 2021. Air pollution and children’s health—a review of adverse effects associated with prenatal

17
RI-URBANS (www.RIURBANS.eu) is supported by the European Commission under the Horizon 2020 — Research and Innovation
Framework Programme, H2020-GD-2020, Grant Agreement number: 101036245



http://www.riurbans.eu/
https://doi.org/10.1016/j.jaerosci.2014.02.003
https://doi.org/10.1016/j.jaerosci.2014.02.003

RI-URBANS
WP2 Deliverable D11 (D2.3)

exposure from fine to ultrafine particulate matter. Environ. Health Prev. Med. 26, 72.
https://doi.org/10.1186/s12199-021-00995-5

Kelly, F.J., Fussell, J.C., 2017. Role of oxidative stress in cardiovascular disease outcomes following exposure to
ambient air pollution. Free Radic. Biol. Med. 110, 345-367.
https://doi.org/10.1016/j.freeradbiomed.2017.06.019

Kelly, F.J., Fussell, J.C., 2012. Size, source and chemical composition as determinants of toxicity attributable to
ambient particulate matter. Atmos. Environ. 60, 504-526. https://doi.org/10.1016/j.atmosenv.2012.06.039

King, L.E., Weber, R.J., 2013. Development and testing of an online method to measure ambient fine particulate
reactive oxygen species (ROS) based on the 2’,7’-dichlorofluorescin (DCFH) assay. Atmospheric Meas. Tech. 6,
1647-1658. https://doi.org/10.5194/amt-6-1647-2013

Koehler, K.A., Shapiro, J., Sameenoi, Y., Henry, C., Volckens, J., 2014. Laboratory Evaluation of a Microfluidic
Electrochemical Sensor for Aerosol Oxidative Load. Aerosol Sci. Technol. 48, 489-497.
https://doi.org/10.1080/02786826.2014.891722

Korsiak, J., Lavigne, E., You, H., Pollitt, K., Kulka, R., Hatzopoulou, M., Evans, G., Burnett, R.T., Weichenthal, S., 2022.
Air Pollution and Pediatric Respiratory Hospitalizations: Effect Modification by Particle Constituents and
Oxidative Potential. Am. J. Respir. Crit. Care Med. 206, 1370-1378. https://doi.org/10.1164/rccm.202205-
08960C

Laden, F., Schwartz, J., Speizer, F.E., Dockery, D.W., 2006. Reduction in Fine Particulate Air Pollution and Mortality:
Extended Follow-up of the Harvard Six Cities Study. Am. J. Respir. Crit. Care Med. 173, 667-672.
https://doi.org/10.1164/rccm.200503-4430C

Landreman, A.P., Shafer, M.M., Hemming, J.C., Hannigan, M.P., Schauer, J.J., 2008. A Macrophage-Based Method
for the Assessment of the Reactive Oxygen Species (ROS) Activity of Atmospheric Particulate Matter (PM) and
Application to Routine (Daily-24 h) Aerosol Monitoring Studies. Aerosol Sci. Technol. 42, 946-957.
https://doi.org/10.1080/02786820802363819

Laulagnet, A., Sauvain, J.J., Concha-Lozano, N., Riediker, M., Sudrez, G., 2015. Sensitive Photonic System to Measure
Oxidative Potential of Airborne Nanoparticles and ROS Levels in Exhaled Air. Procedia Eng. 120, 632—636.
https://doi.org/10.1016/j.proeng.2015.08.659

Lavigne, E., Burnett, R.T., Stieb, D.M., Evans, G.J., Godri Pollitt, K.J., Chen, H., van Rijswijk, D., Weichenthal, S., 2018.
Fine Particulate Air Pollution and Adverse Birth Outcomes: Effect Modification by Regional Nonvolatile Oxidative
Potential. Environ. Health Perspect. 126, 077012. https://doi.org/10.1289/EHP2535

Lelieveld, J., Klingmdller, K., Pozzer, A., Burnett, R.T., Haines, A., Ramanathan, V., 2019. Effects of fossil fuel and
total anthropogenic emission removal on public health and climate. Proc. Natl. Acad. Sci. U. S. A. 116, 7192
7197. https://doi.org/10.1073/pnas.1819989116

Lelieveld, J., Minzel, T., 2020. Air pollution, the underestimated cardiovascular risk factor. Eur. Heart J. 41, 904—
905. https://doi.org/10.1093/eurheartj/ehaa063

Lelieveld, J., Pozzer, A., Poschl, U., Fnais, M., Haines, A., Miinzel, T., 2020. Loss of life expectancy from air pollution
compared to other risk factors: a worldwide perspective. Cardiovasc. Res. 116, 1910-1917.
https://doi.org/10.1093/cvr/cvaa025

18
RI-URBANS (www.RIURBANS.eu) is supported by the European Commission under the Horizon 2020 — Research and Innovation
Framework Programme, H2020-GD-2020, Grant Agreement number: 101036245



http://www.riurbans.eu/

RI-URBANS
WP2 Deliverable D11 (D2.3)

Lepeule, J., Laden, F., Dockery, D., Schwartz, J., 2012. Chronic Exposure to Fine Particles and Mortality: An Extended
Follow-up of the Harvard Six Cities Study from 1974 to 2009. Environ. Health Perspect. 120, 965-970.
https://doi.org/10.1289/ehp.1104660.

Li, X., Huang, S., Jiao, A., Yang, X., Yun, J.,, Wang, Y., ... & Xiang, H. (2017). Association between ambient fine
particulate matter and preterm birth or term low birth weight: an updated systematic review and meta-analysis.
Environmental Pollution, 227, 596-605.

Li, N., Xia, T., Nel, A.E., 2008. The role of oxidative stress in ambient particulate matter-induced lung diseases and
its implications in the toxicity of engineered nanoparticles. Free Radic. Biol. Med. 44, 1689-1699.
https://doi.org/10.1016/j.freeradbiomed.2008.01.028

Lim, S.S., Vos, T., Flaxman, A.D., Danaei, G., Shibuya, K., Adair-Rohani, H., AIMazroa, M.A., Amann, M., Anderson,
H.R., Andrews, K.G., Aryee, M., Atkinson, C., Bacchus, L.J., Bahalim, A.N., Balakrishnan, K., Balmes, J., Barker-
Collo, S., Baxter, A., Bell, M.L., Blore, J.D., Blyth, F., Bonner, C., Borges, G., Bourne, R., Boussinesq, M., Brauer,
M., Brooks, P., Bruce, N.G., Brunekreef, B., Bryan-Hancock, C., Bucello, C., Buchbinder, R., Bull, F., Burnett, R.T.,
Byers, T.E., Calabria, B., Carapetis, J., Carnahan, E., Chafe, Z., Charlson, F., Chen, H., Chen, J.S., Cheng, A.T.-A.,
Child, J.C., Cohen, A,, Colson, K.E., Cowie, B.C., Darby, S., Darling, S., Davis, A., Degenhardt, L., Dentener, F., Des
Jarlais, D.C., Devries, K., Dherani, M., Ding, E.L., Dorsey, E.R., Driscoll, T., Edmond, K., Ali, S.E., Engell, R.E., Erwin,
P.J., Fahimi, S., Falder, G., Farzadfar, F., Ferrari, A., Finucane, M.M., Flaxman, S., Fowkes, F.G.R., Freedman, G.,
Freeman, M.K., Gakidou, E., Ghosh, S., Giovannucci, E., Gmel, G., Graham, K., Grainger, R., Grant, B., Gunnell, D.,
Gutierrez, H.R., Hall, W., Hoek, H.W., Hogan, A., Hosgood, H.D., Hoy, D., Hu, H., Hubbell, B.J., Hutchings, S.J.,
Ibeanusi, S.E., Jacklyn, G.L., Jasrasaria, R., Jonas, J.B., Kan, H., Kanis, J.A., Kassebaum, N., Kawakami, N., Khang,
Y.-H., Khatibzadeh, S., Khoo, J.-P., Kok, C., Laden, F,, Lalloo, R, Lan, Q., Lathlean, T., Leasher, J.L., Leigh, J., Li, Y.,
Lin, J.K., Lipshultz, S.E., London, S., Lozano, R., Lu, Y., Mak, J., Malekzadeh, R., Mallinger, L., Marcenes, W., March,
L., Marks, R., Martin, R., McGale, P., McGrath, J., Mehta, S., Memish, Z.A., Mensah, G.A., Merriman, T.R., Micha,
R., Michaud, C., Mishra, V., Hanafiah, K.M., Mokdad, A.A., Morawska, L., Mozaffarian, D., Murphy, T., Naghavi,
M., Neal, B., Nelson, P.K., Nolla, J.M., Norman, R., Olives, C., Omer, S.B., Orchard, J., Osborne, R., Ostro, B., Page,
A., Pandey, K.D., Parry, C.D., Passmore, E., Patra, J., Pearce, N., Pelizzari, P.M., Petzold, M., Phillips, M.R., Pope,
D., Pope, C.A., Powles, J.,, Rao, M., Razavi, H., Rehfuess, E.A., Rehm, J.T., Ritz, B., Rivara, F.P., Roberts, T.,
Robinson, C., Rodriguez-Portales, J.A., Romieu, I., Room, R., Rosenfeld, L.C., Roy, A., Rushton, L., Salomon, J.A,,
Sampson, U., Sanchez-Riera, L., Sanman, E., Sapkota, A., Seedat, S., Shi, P., Shield, K., Shivakoti, R., Singh, G.M.,
Sleet, D.A., Smith, E., Smith, K.R., Stapelberg, N.J., Steenland, K., Stéckl, H., Stovner, L.J., Straif, K., Straney, L.,
Thurston, G.D., Tran, J.H., Van Dingenen, R., van Donkelaar, A., Veerman, J.L., Vijayakumar, L., Weintraub, R.,
Weissman, M.M., White, R.A., Whiteford, H., Wiersma, S.T., Wilkinson, J.D., Williams, H.C., Williams, W., Wilson,
N., Woolf, A.D., Yip, P., Zielinski, J.M., Lopez, A.D., Murray, C.J., Ezzati, M., 2012. A comparative risk assessment
of burden of disease and injury attributable to 67 risk factors and risk factor clusters in 21 regions, 1990-2010:
a systematic analysis for the Global Burden of Disease Study 2010. The Lancet 380, 2224-2260.
https://doi.org/10.1016/50140-6736(12)61766-8

Liu, L., Urch, B., Szyszkowicz, M., Evans, G., Speck, M., Van Huang, A., Leingartner, K., Shutt, R.H., Pelletier, G., Gold,
D.R., Brook, J.R., Godri Pollitt, K., Silverman, F.S., 2018. Metals and oxidative potential in urban particulate
matter influence systemic inflammatory and neural biomarkers: A controlled exposure study. Environ. Int. 121,
1331-1340. https://doi.org/10.1016/j.envint.2018.10.055

Liu, Y., Chan, C.K., 2022. The oxidative potential of fresh and aged elemental carbon-containing airborne particles:
a review. Environ. Sci. Process. Impacts 24, 525-546. https://doi.org/10.1039/d1em00497b

19
RI-URBANS (www.RIURBANS.eu) is supported by the European Commission under the Horizon 2020 — Research and Innovation
Framework Programme, H2020-GD-2020, Grant Agreement number: 101036245



http://www.riurbans.eu/
https://doi.org/10.1289/ehp.1104660
https://doi.org/10.1289/ehp.1104660
https://doi.org/10.1289/ehp.1104660

RI-URBANS
WP2 Deliverable D11 (D2.3)

Lyu, Y., Guo, H., Cheng, T,, Li, X., 2018. Particle Size Distributions of Oxidative Potential of Lung-Deposited Particles:
Assessing Contributions from Quinones and Water-Soluble Metals. Environ. Sci. Technol. 52, 6592—-6600.
https://doi.org/10.1021/acs.est.7b06686

Maikawa, C.L., Weichenthal, S., Wheeler, A.J., Dobbin, N.A., Smargiassi, A., Evans, G., Liu, L., Goldberg, M.S., Pollitt,
K.J.G., 2016. Particulate Oxidative Burden as a Predictor of Exhaled Nitric Oxide in Children with Asthma. Environ.
Health Perspect. 124, 1616—1622. https://doi.org/10.1289/EHP175

Maisonet, M., Correa, A., Misra, D., & Jaakkola, J. J. (2004). A review of the literature on the effects of ambient air
pollution on fetal growth. Environmental research, 95(1), 106-115.

Manisalidis, I., Stavropoulou, E., Stavropoulos, A., Bezirtzoglou, E., 2020. Environmental and Health Impacts of Air
Pollution: A Review. Front. Public Health 8, 14. https://doi.org/10.3389/fpubh.2020.00014

Marsal, A., Slama, R., Lyon-Caen, S., Borlaza, L.J.S., Jaffrezo, J.-L., Boudier, A., Darfeuil, S., Elazzouzi, R., Gioria, Y.,
Lepeule, J., Chartier, R., Pin, |., Quentin, J., Bayat, S., Uzu, G., Siroux, V., the SEPAGES cohort study group, 2023.
Prenatal Exposure to PM2.5 Oxidative Potential and Lung Function in Infants and Preschool- Age Children: A
Prospective Study. Environ. Health Perspect. 131, 017004. https://doi.org/10.1289/EHP11155

Massimi, L., Ristorini, M., Astolfi, M.L., Perrino, C., Canepari, S., 2020. High resolution spatial mapping of element
concentrations in PM10: A powerful tool for localization of emission sources. Atmospheric Res. 244, 105060.
https://doi.org/10.1016/j.atmosres.2020.105060

Moufarrej, L., Courcot, D., Ledoux, F., 2020. Assessment of the PM2.5 oxidative potential in a coastal industrial city
in Northern France: Relationships with chemical composition, local emissions and long range sources. Sci. Total
Environ. 748, 141448. https://doi.org/10.1016/j.scitotenv.2020.141448

Ng, C.F.S., Hashizume, M., Obase, Y., Doi, M., Tamura, K., Tomari, S., Kawano, T., Fukushima, C., Matsuse, H., Chung,
Y., Kim, Y., Kunimitsu, K., Kohno, S., Mukae, H., 2019. Associations of chemical composition and sources of PM2.5
with lung function of severe asthmatic adults in a low air pollution environment of urban Nagasaki, Japan.
Environ. Pollut. 252, 599-606. https://doi.org/10.1016/j.envpol.2019.05.117

Nobles, C.J., Grantz, K.L., Liu, D., Williams, A., Ouidir, M., Seeni, |., Sherman, S., Mendola, P., 2019. Ambient air
pollution and fetal growth restriction: Physician diagnosis of fetal growth restriction versus population-based
small-for-gestational age. Sci. Total Environ. 650, 2641-2647. https://doi.org/10.1016/j.scitotenv.2018.09.362

Ozsurekci, Y., Aykac, K., 2016. Oxidative Stress Related Diseases in Newborns. Oxid. Med. Cell. Longev. 2016, 1-9.
https://doi.org/10.1155/2016/2768365

Pant, P., Harrison, R.M., 2013. Estimation of the contribution of road traffic emissions to particulate matter
concentrations from field measurements: A review. Atmos. Environ. 77, 78-97.
https://doi.org/10.1016/j.atmosenv.2013.04.028

Paraskevopoulou, D., Bougiatioti, A., Stavroulas, I., Fang, T., Lianou, M., Liakakou, E., Gerasopoulos, E., Weber, R.,
Nenes, A., Mihalopoulos, N., 2019. Yearlong variability of oxidative potential of particulate matter in an urban
Mediterranean environment. Atmos. Environ. 206, 183—196. https://doi.org/10.1016/j.atmosenv.2019.02.027

Park, M., Joo, H.S,, Lee, K., Jang, M., Kim, S.D., Kim, |., Borlaza, L.J.S., Lim, H., Shin, H., Chung, K.H., Choi, Y.-H., Park,
S.G., Bae, M.-S,, Lee, J., Song, H., Park, K., 2018. Differential toxicities of fine particulate matters from various
sources. Sci. Rep. 8, 17007. https://doi.org/10.1038/s41598-018-35398-0

20
RI-URBANS (www.RIURBANS.eu) is supported by the European Commission under the Horizon 2020 — Research and Innovation
Framework Programme, H2020-GD-2020, Grant Agreement number: 101036245



http://www.riurbans.eu/
https://doi.org/10.1289/EHP175
https://doi.org/10.1289/EHP175

RI-URBANS
WP2 Deliverable D11 (D2.3)

Perrone, M.G., Zhou, J., Malandrino, M., Sangiorgi, G., Rizzi, C., Ferrero, L., Dommen, J., Bolzacchini, E., 2016. PM
chemical composition and oxidative potential of the soluble fraction of particles at two sites in the urban area
of Milan, Northern Italy. Atmos. Environ. 128, 104-113. https://doi.org/10.1016/j.atmosenv.2015.12.040

Pietrogrande, M.C., Bertoli, |., Manarini, F., Russo, M., 2019. Ascorbate assay as a measure of oxidative potential
for ambient particles: Evidence for the importance of cell-free surrogate lung fluid composition. Atmos. Environ.
211, 103-112. https://doi.org/10.1016/j.atmosenv.2019.05.012

Pietrogrande, M.C., Dalpiaz, C., Dell’Anna, R., Lazzeri, P., Manarini, F., Visentin, M., Tonidandel, G., 2018. Chemical
composition and oxidative potential of atmospheric coarse particles at an industrial and urban background site
in the alpine region of northern Italy. Atmos. Environ. 191, 340-350.
https://doi.org/10.1016/j.atmosenv.2018.08.022

Puthussery, J.V., Zhang, C., Verma, V., 2018. Development and field testing of an online instrument for measuring
the real-time oxidative potential of ambient particulate matter based on dithiothreitol assay. Atmospheric Meas.
Tech. 11, 5767-5780. https://doi.org/10.5194/amt-11-5767-2018

Rahmalia, A., Giorgis-Allemand, L., Lepeule, J., Philippat, C., Galineau, J., Hulin, A., Charles, M.-A., Slama, R., 2012.
Pregnancy exposure to atmospheric pollutants and placental weight: An approach relying on a dispersion model.
Environ. Int. 48, 47-55. https://doi.org/10.1016/j.envint.2012.06.013

Rashid, C.S., Bansal, A., Simmons, R.A., 2018. Oxidative Stress, Intrauterine Growth Restriction, and Developmental
Programming of Type 2 Diabetes. Physiology 33, 348—359. https://doi.org/10.1152/physiol.00023.2018

Rogula-Koztowska, W., 2016. Size-segregated urban particulate matter: mass closure, chemical composition, and
primary and secondary matter content. Air Qual. Atmosphere Health 9, 533-550.
https://doi.org/10.1007/s11869-015-0359-y

Samake, A., Uzu, G., Martins, J.M.F., Calas, A., Vince, E., Parat, S., Jaffrezo, J.L., 2017. The unexpected role of
bioaerosols in the Oxidative Potential of PM. Sci. Rep. 7, 10978. https://doi.org/10.1038/s41598-017-11178-0

Sameenoi, Y., Koehler, K., Shapiro, J., Boonsong, K., Sun, Y., Collett Jr, J., ... & Henry, C. S. (2012). Microfluidic
electrochemical sensor for on-line monitoring of aerosol oxidative activity. Journal of the American Chemical
Society, 134(25), 10562-10568.

Sauvain, J.-)., Deslarzes, S., Riediker, M., 2008. Nanoparticle reactivity toward dithiothreitol. Nanotoxicology 2, 121-
129. https://doi.org/10.1080/17435390802245716

Shahpoury, P., Harner, T., Lammel, G., Lelieveld, S., Tong, H., Wilson, J., 2019. Development of an antioxidant assay
to study oxidative potential of airborne particulate matter. Atmospheric Meas. Tech. 12, 6529-6539.
https://doi.org/10.5194/amt-12-6529-2019

Shahpoury, P., Zhang, Z.W., Arangio, A., Celo, V., Dabek-Zlotorzynska, E., Harner, T., Nenes, A., 2021. The influence
of chemical composition, aerosol acidity, and metal dissolution on the oxidative potential of fine particulate
matter and redox potential of the lung lining fluid. Environ. Int. 148, 106343.
https://doi.org/10.1016/j.envint.2020.106343

Shahpoury, P., Zhang, Z.W., Filippi, A., Hildmann, S., Lelieveld, S., Mashtakov, B., Patel, B.R., Traub, A., Umbrio, D.,
Wietzoreck, M., Wilson, J., Berkemeier, T., Celo, V., Dabek-Zlotorzynska, E., Evans, G., Harner, T., Kerman, K.,
Lammel, G., Noroozifar, M., Pdschl, U., Tong, H., 2022. Inter-comparison of oxidative potential metrics for
airborne particles identifies differences between acellular chemical assays. Atmospheric Pollut. Res. 13, 101596.
https://doi.org/10.1016/j.apr.2022.101596

21
RI-URBANS (www.RIURBANS.eu) is supported by the European Commission under the Horizon 2020 — Research and Innovation
Framework Programme, H2020-GD-2020, Grant Agreement number: 101036245



http://www.riurbans.eu/
https://doi.org/10.1038/s41598-017-11178-0
https://doi.org/10.1038/s41598-017-11178-0

RI-URBANS
WP2 Deliverable D11 (D2.3)

Shankar, K., Mehendale, H.M., 2014. Oxidative Stress, in: Encyclopedia of Toxicology. Elsevier, pp. 735-737.
https://doi.org/10.1016/B978-0-12-386454-3.00345-6

Shen, J., Taghvaee, S., La, C., Oroumiyeh, F., Liu, J., Jerrett, M., Weichenthal, S., Del Rosario, I., Shafer, M.M., Ritz,
B., Zhu, Y., Paulson, S.E., 2022. Aerosol Oxidative Potential in the Greater Los Angeles Area: Source
Apportionment and Associations with Socioeconomic Position. Environ. Sci. Technol. 56, 17795-17804.
https://doi.org/10.1021/acs.est.2c02788

Shi, T., 2003. Temporal variation of hydroxyl radical generation and 8-hydroxy-2’-deoxyguanosine formation by
coarse and fine particulate matter. Occup. Environ. Med. 60, 315-321. https://doi.org/10.1136/0em.60.5.315

Shirmohammadi, F., Wang, D., Hasheminassab, S., Verma, V., Schauer, J.J., Shafer, M.M., Sioutas, C., 2017. Oxidative
potential of on-road fine particulate matter (PM 2.5 ) measured on major freeways of Los Angeles, CA, and a 10-
year comparison with earlier roadside studies. Atmos. Environ. 148, 102-114.
https://doi.org/10.1016/j.atmosenv.2016.10.042

Sies, H., 2018. On the history of oxidative stress: Concept and some aspects of current development. Curr. Opin.
Toxicol. 7, 122—126. https://doi.org/10.1016/j.cotox.2018.01.002

Simonetti, G., Frasca, D., Marcoccia, M., Farao, C., Canepari, S., 2018. Multi-elemental analysis of particulate matter
samples collected by a particle-into-liquid sampler. Atmospheric Pollut. Res. 9, 747-754.
https://doi.org/10.1016/j.apr.2018.01.006

Srivastava, D., Tomaz, S., Favez, O., Lanzafame, G.M., Golly, B., Besombes, J.-L., Alleman, L.Y., Jaffrezo, J.-L., Jacob,
V., Perraudin, E., Villenave, E., Albinet, A., 2018. Speciation of organic fraction does matter for source
apportionment. Part 1: A one-year campaign in Grenoble (France). Sci. Total Environ. 624, 1598-1611.
https://doi.org/10.1016/j.scitotenv.2017.12.135

Strak, M., Janssen, N., Beelen, R., Schmitz, O., Karssenberg, D., Houthuijs, D., van den Brink, C., Dijst, M., Brunekreef,
B., Hoek, G., 2017. Associations between lifestyle and air pollution exposure: Potential for confounding in large
administrative data cohorts. Environ. Res. 156, 364—373. https://doi.org/10.1016/j.envres.2017.03.050

Tjoa, M.L., Cindrova-Davies, T., Spasic-Boskovic, O., Bianchi, D.W., Burton, G.J., 2006. Trophoblastic Oxidative Stress
and the Release of Cell-Free Feto-Placental DNA. Am. J. Pathol. 169, 400-404.
https://doi.org/10.2353/ajpath.2006.060161

Toyib O, Lavigne E, Traub A, Umbrio D, You H, Ripley S, Pollitt K, Shin T, Kulka R, Jessiman B, Tjepkema M, Martin R,
Stieb DM, Hatzopoulou M, Evans G, Burnett RT, Weichenthal S. Long-term Exposure to Oxidant Gases and
Mortality: Effect Modification by PM 2.5 Transition Metals and Oxidative Potential. Epidemiology, 33(6),767-776

Uzu, G., Sauvain, J.J., Baeza-Squiban, A., Riediker, M., Hohl, M.S.S,, Val, S., Tack, K., Denys, S., Pradére, P., Dumat,
C., 2011. In vitro assessment of the pulmonary toxicity and gastric availability of lead-rich particles from a lead
recycling plant. Environ. Sci. Technol. 45, 7888—-7895. https://doi.org/10.1021/es200374c

Uzu, G., Jaffrezo, J.-L. & Fréche, G. Method for measuring the oxidation potential of samples, in particular aerosols,
equipment for the implementation thereof and use of same on-line analysis of air quality. (2022).

Venkatachari, P., Hopke, P.K., 2008. Development and evaluation of a particle-bound reactive oxygen species
generator. J. Aerosol Sci. 39, 168—174. https://doi.org/10.1016/j.jaerosci.2007.11.003

Verma, V., Fang, T., Guo, H., King, L., Bates, J.T., Peltier, R.E., Edgerton, E., Russell, A.G., Weber, R.J., 2014. Reactive
oxygen species associated with water-soluble PM&It;sub&gt;2.5&It;/sub&gt; in the southeastern United States:

22
RI-URBANS (www.RIURBANS.eu) is supported by the European Commission under the Horizon 2020 — Research and Innovation
Framework Programme, H2020-GD-2020, Grant Agreement number: 101036245



http://www.riurbans.eu/
https://doi.org/10.2353/ajpath.2006.060161
https://doi.org/10.2353/ajpath.2006.060161
https://doi.org/10.2353/ajpath.2006.060161
https://doi.org/10.1021/es200374c
https://doi.org/10.1021/es200374c

RI-URBANS
WP2 Deliverable D11 (D2.3)

spatiotemporal trends and source apportionment. Atmospheric Chem. Phys. 14, 12915-12930.
https://doi.org/10.5194/acp-14-12915-2014

Wang, Y., Hopke, P.K., Sun, L., Chalupa, D.C., Utell, M.J., 2011. Laboratory and Field Testing of an Automated
Atmospheric Particle-Bound Reactive Oxygen Species Sampling-Analysis System. J. Toxicol. 2011, 419476.
https://doi.org/10.1155/2011/419476

Wang, Y., Kloog, ., Coull, B.A., Kosheleva, A., Zanobetti, A., Schwartz, J.D., 2016. Estimating Causal Effects of Long-
Term PM ,5 Exposure on Mortality in New Jersey. Environ. Health Perspect. 124, 1182-1188.
https://doi.org/10.1289/ehp.1409671

Weber, S., Salameh, D., Albinet, A., Alleman, L.Y., Waked, A., Besombes, J.L., Jacob, V., Guillaud, G., Meshbah, B.,
Rocq, B., Hulin, A., Dominik-Segue, M., Chrétien, E., Jaffrezo, J.L., Favez, O., 2019. Comparison of PM10 sources
profiles at 15 french sites using a harmonized constrained positive matrix factorization approach. Atmosphere
10, 1-22. https://doi.org/10.3390/atmos10060310

Weber, S., Uzu, G., Calas, A., Chevrier, F., Besombes, J.-L., Charron, A., Salameh, D., Jezek, I., Moc¢nik, G., Jaffrezo,
J.-L., 2018. An apportionment method for the oxidative potential of atmospheric particulate matter sources:
application to a one-year study in Chamonix, France. Atmospheric Chem. Phys. 18, 9617-9629.
https://doi.org/10.5194/acp-18-9617-2018

Weber, S., Uzu, G., Favez, O., Borlaza, L.J.S., Calas, A., Salameh, D., Chevrier, F., Allard, J., Besombes, J.-L., Albinet,
A., Pontet, S., Mesbah, B., Gille, G., Zhang, S., Pallares, C., Leoz-Garziandia, E., Jaffrezo, J.-L., 2021. Source
apportionment of atmospheric PM10 oxidative potential: synthesis of 15 year-round urban datasets in France.
Atmospheric Chem. Phys. 21, 11353-11378. https://doi.org/10.5194/acp-21-11353-2021

Wei, J,, Li, Z., Lyapustin, A, Sun, L., Peng, Y., Xue, W., Su, T., Cribb, M., 2021. Reconstructing 1-km-resolution high-
quality PM2.5 data records from 2000 to 2018 in China: spatiotemporal variations and policy implications.
Remote Sens. Environ. 252, 112136. https://doi.org/10.1016/j.rse.2020.112136

Weichenthal, S., Crouse, D.L., Pinault, L., Godri-Pollitt, K., Lavigne, E., Evans, G., van Donkelaar, A., Martin, R.V.,
Burnett, R.T., 2016. Oxidative burden of fine particulate air pollution and risk of cause-specific mortality in the
Canadian Census Health and Environment Cohort (CanCHEC). Environ. Res. 146, 92-99.
https://doi.org/10.1016/j.envres.2015.12.013

Weichenthal, S., Shekarrizfard, M., Traub, A., Kulka, R., Al-Rijleh, K., Anowar, S., Evans, G., Hatzopoulou, M., 2019.
Within-City Spatial Variations in Multiple Measures of PM 2.5 Oxidative Potential in Toronto, Canada. Environ.
Sci. Technol. 53, 2799-2810. https://doi.org/10.1021/acs.est.8b05543.

World Health Organization. W. H. O. Ambient air pollution: A global assessment of exposure and burden of disease.
(2017).

World Health Organization. WHO global air quality guidelines: particulate matter (PM2.5 and PM10), ozone,
nitrogen  dioxide, sulfur dioxide and carbon  monoxide. World Health  Organization.
https://apps.who.int/iris/handle/10665/345329. Licence: CC BY-NC-SA 3.0 IGO (2021)

Wong, J.P.S., Tsagkaraki, M., Tsiodra, I., Mihalopoulos, N., Violaki, K., Kanakidou, M., Sciare, J., Nenes, A., Weber,
R.J., 2019. Atmospheric evolution of molecular-weight-separated brown carbon from biomass burning.
Atmospheric Chem. Phys. 19, 7319-7334. https://doi.org/10.5194/acp-19-7319-2019

23
RI-URBANS (www.RIURBANS.eu) is supported by the European Commission under the Horizon 2020 — Research and Innovation
Framework Programme, H2020-GD-2020, Grant Agreement number: 101036245



http://www.riurbans.eu/
https://doi.org/10.1021/acs.est.8b05543
https://doi.org/10.1021/acs.est.8b05543

RI-URBANS
WP2 Deliverable D11 (D2.3)

Wragg, F.P.H., Fuller, S.J., Freshwater, R., Green, D.C., Kelly, F.J., Kalberer, M., 2016. An automated online
instrument to quantify aerosol-bound reactive oxygenspecies (ROS) for ambient measurement and health-
relevant aerosol studies. Atmospheric Meas. Tech. 9, 4891-4900. https://doi.org/10.5194/amt-9-4891-2016

Yang, A., Jedynska, A., Hellack, B., Kooter, |., Hoek, G., Brunekreef, B., ... & Janssen, N. A. (2014). Measurement of
the oxidative potential of PM2. 5 and its constituents: The effect of extraction solvent and filter type.
Atmospheric Environment, 83, 35-42.

Yang, A., Janssen, N.A.H., Brunekreef, B., Cassee, F.R., Hoek, G., Gehring, U., 2016. Children’s respiratory health and
oxidative potential of PM .,s: the PIAMA birth cohort study. Occup. Environ. Med. 73, 154-160.
https://doi.org/10.1136/0emed-2015-103175.

Yu, H., Puthussery, J. V., & Verma, V. (2020). A semi-automated multi-endpoint reactive oxygen species activity
analyzer (SAMERA) for measuring the oxidative potential of ambient PM2. 5 aqueous extracts. Aerosol Science
and Technology, 54(3), 304-320.

Zhou, J., Bruns, E.A., Zotter, P., Stefenelli, G., Prévot, A.S.H., Baltensperger, U., El-Haddad, |., Dommen, J., 2018.
Development, characterization and first deployment of an improved online reactive oxygen species analyzer.
Atmospheric Meas. Tech. 11, 65-80. https://doi.org/10.5194/amt-11-65-2018

Zhou, J., Elser, M., Huang, R.-J., Krapf, M., Frohlich, R., Bhattu, D., Stefenelli, G., Zotter, P., Bruns, E.A., Pieber, S.M.,
Ni, H., Wang, Q., Wang, Y., Zhou, Y., Chen, C., Xiao, M., Slowik, J.G., Brown, S., Cassagnes, L.-E., Daellenbach,
K.R., Nussbaumer, T., Geiser, M., Prévot, A.S.H., El-Haddad, I., Cao, J., Baltensperger, U., Dommen, J., 2019.
Predominance of secondary organic aerosol to particle-bound reactive oxygen species activity in fine ambient
aerosol. Atmospheric Chem. Phys. 19, 14703—14720. https://doi.org/10.5194/acp-19-14703-2019

24
RI-URBANS (www.RIURBANS.eu) is supported by the European Commission under the Horizon 2020 — Research and Innovation
Framework Programme, H2020-GD-2020, Grant Agreement number: 101036245



http://www.riurbans.eu/
https://doi.org/10.1136/oemed-2015-103175
https://doi.org/10.1136/oemed-2015-103175
https://doi.org/10.1136/oemed-2015-103175

RI-URBANS
WP2 Deliverable D11 (D2.3)

Annexe 1 -

Simplified DTT RI-Urbans Protocol «Evaluation of acellular reactivity of particles by dithiothreitol
(DTT) assay»

Method 1 — OP DTT assay using plate readers

Before the absorbance measurements of the samples, perform a calibration of your analytical device using a DTT
calibration curve for a concentration range between 0 and 60 uM (titration with 1mM DTNB and reading of TNB
formation at 412 nm) and report the results on the Excel file provided.

Reagents:
Preparation of potassium phosphate (0.1M) buffer solution at pH 7.4

Weight 13.41 g of dipotassium phosphate (K;HPO,4, CAS [7758-11-4]) and 3.13 g of potassium dihydrogen phosphate
(KH2PO4, CAS [7778-77-0]) and mix them in a volumetric flask of 1000 mL with ultra-pure MilliQ water. Check the
pH using a pH meter reading equalto 7.4 £ 0.1

Preparation of DTT mother solution (8.3 mM)

Weight 38.6 mg of 1,4-Dithiothreitol (DTT, CAS [3483-12-3]) and add 30 ml of the potassium phosphate buffer
solution (7.4 pH). Keep the solution under an ice bath or in the fridge until use.

Preparation of DTT daughter solution (0.25 mM)

This solution is obtained from 1.20 mL of the 8.3 mM DTT solution and completed to a final volume of 40 ml with
potassium phosphate buffer solution (7.4 pH). Keep the solution under an ice bath or in the fridge until use.

Preparation of Dinitrothiobenzoic acid (DTNB) mother solution (10 mM)

Weight 118.8 mg of 5,5'-Dithiobis (2-nitrobenzoic acid) (DTNB, CAS [69-78-3]) and add 30 ml of the potassium
phosphate buffer solution (7.4 pH). Keep the solution under an ice bath or in the fridge until use

Preparation of DTNB daughter solution (1 mM)

This solution is obtained by diluting 4mL of the 10mM DTNB solution, completing a total volume of 40 mL with the
potassium phosphate buffer solution (7.4 pH). Keep the solution under an ice bath or in the fridge until use.

Particulate Matter suspension solutions to be tested - samples
Solution SP1 5.0 pg/mL, solution SP2 25 pg/mL, Solution SP3 25 pg/mL, solution SP4 25 pg/mL.
Material

One transparent 96-wells plate is sufficient to process all the samples in triplicate. You can use a separate 96-wells
for the calibration curve of DTT.

The samples need to be under agitation during the experiment time at 37°C.

An ice bath is required to keep the DTT and DTNB cold (at least keep the reagent solution fresh in the freezer until
use)
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Procedure for plate readers automatically injected

DTT Exposure and DTNB analysis:
Set up the temperature of the plate reader at 37,4°C for the duration of the assay.

1. Draw up a grid for 96-wells plate, and locate the samples SP1 to SP4 as in the table below, leaving the first
3x4 wells for the controlo (inherent DTT background oxidation).

1 2 3 4 5 6 7 8 9 10 |11 |12

A | Controlox | Controlox | Controll Gp7 | Sp7 | SP1 | SP2 | SP2 | SP2 |SP3 [SP3 |SP3 | T=0
Controlo|

B | Controlox | Controlox SP1 |[SP1 |[SP1 |SP2 |SP2 |SP2 |SP3 [SP3 |SP3 |T=10
Controlo|

C | Controlox | Controlox SP1 |[SP1 |[SP1 |SP2 |SP2 |SP2 |SP3 [SP3 |SP3 |T=20
Controlo

D |Controlox | Controlox SP1 [SP1 |[SP1 |SP2 |SP2 |SP2 |SP3 [SP3 |SP3 |T=30
SP4

E|SP4 |SP4 T=0
SP4

F|SP4 | SP4 T=10
SP4

G|SP4 |SP4 T=20
SP4

H|SP4 |SP4 T=30

2. Place 20 pL of samples SP1 to SP4 into each well and 20 pl of ultrapure water in Control.x wells.

3. Add 220 pL of the potassium phosphate buffer solution (7.4 pH) in the sample wells SP1 to SP4 and in the
control wells

4. Set up the plate reader at 37,4°C.
5. Place the plate into the reader and incubate for 10 minutes.
6. Shake the plate by the instrument for one minute.

7. Read the intrinsic absorbance of the samples/control at 412 nm.
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10.

11.

12.

13.

14.

15.

16.

At T= 0 min, program the injector A to dispense 50uL of 0.25 mM DTT in ALL wells. Keep the solution under
an ice bath or in the fridge until use.

At T=0 min, program injector B to dispense 50uL of 1 mM DTNB into the T=0 wells (lines A and E). Keep the
solution under an ice bath or in the fridge until use.

Shake the plate by the reader for 30 seconds every minute for 10 minutes.

At T=10 minutes, dispense 50 pL of 1 mM DTNB into the T=10 wells (lines B and F) to stop the DTT
consumption reaction by the samples.

Shake the plate by the device for 30 seconds every minute for 10 minutes.
At T=20 minutes, dispense 50 uL of 1 mM DTNB into the T=20 wells (lines C and G).
Shake the plate by the device for 30 seconds every minute for 10 minutes.
At T=30 minutes, dispense 50 pL of 1 mM DTNB into the T=30 wells (lines D and H).

Shake the plate for 60 seconds, wait 10 seconds and read the final absorbance at 412 nm. The yellow
compound (TNB) formed is stable for two hours; only one final absorbance measurement is necessary.

Procedure for plate readers without injectors

DTT Exposure and DTNB analysis:

Set up the temperature of the plate reader at 37,4°C for the duration of the assay.

1.

o

10.

11.
12.

13.
14.

Draw up a grid for 96-wells plate and locate the samples SP1 to SP4 as in the table above, leaving the first
3x4 wells for the control sample (inherent DTT background oxidation).

Place 20 pL of samples SP1 to SP4 into each well and 20 pl of ultrapure water in Controlox wells.

Add 220 L of the potassium phosphate buffer solution (7.4 pH) in the sample wells SP1 to SP5 and in the
control sample wells.

Introduce the plate into the reader and read the intrinsic absorbance of the solutions at 412 nm.

Inject 50 uL of ImM DTNB into the T=0 min wells (lines A and E) (this is done to avoid depletion of DTT with
samples at t=0 with manual injection, which is slower than injectors). Keep the DTNB solution under an ice
bath or in the fridge until use.

Dispense 50 pL of 0.25 mM DTT in ALL wells. Keep the DTT solution under an ice bath or in the fridge until
use.

Set up the plate reader at 37°C.

Introduce the plate into the plate reader and incubate for 10 mins.

Shake the plate by the device for 30 seconds every minute for 10 minutes.

At T=10 minutes, remove the plate from the instrument and inject 50 puL of 1ImM DTNB into the T=10 wells
(lines B and F) to stop the DTT consumption reaction by the samples.

Place the plate back on the reader and stir it for 30 seconds every minute for 10 minutes.

At T=20 minutes, remove the plate from the reader and inject 50 pL of 1mM DTNB into the T=20 wells
(lines C and G).

Place the plate back on the reader and shake it for 30 seconds every minute for 10 minutes.

At T=30 minutes, remove the plate from the reader and dispense 50 pL of 1mM DTNB into the T=30 wells
(lines D and H).
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15. Place the plate back into the reader and shake it for 60 seconds, wait 10 seconds and read the final
absorbance at 412 nm. The yellow compound (TNB) formed is stable for two hours; only one final
absorbance measurement is necessary.

Calculate the kinetics of the DTT oxidation as:

- nmol DTT/min is obtained by substracting both the intrinsic absorption of each sample (to remove a
potential matrix effect, value obtained in step 8) and the inherent DTT auto-oxidation rate of the blank
(slope of Controlox sample) from the DTT consumption rate in the presence of particles (SP1-4).

- nmol DTT/min/ug is obtained by subtracting both the intrinsic absorption of each sample and inherent DTT
auto-oxidation rate from the DTT consumption rate in the presence of particles and dividing it by the mass
of particulate matter in the reaction.

- % DTT decay/ug is obtained by the % of DTT lost over the reaction with samples relative to the inherent
DTT auto-oxidation and normalised by the reaction time and per pug of PM: first normalise every loss of
DTT, AA to 100% , calculate the slope over the time and then substract the autoxidation (blank) and then
devide it by the mass.

All these formulas are pre-included in the Excel spreadsheet provided.

Use it to add the results using your lab reference number, the analytical protocol and instrument used and the
reference number for each sample.

Once you have reported results for the DTT simplified protocol, feel free to test the samples with your own
protocols, filling the other tabs of the excel file.
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