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Abstract: The mass concentration of atmospheric particulate matter (PM) has been systematically used
in epidemiological studies as an indicator of exposure to air pollutants, connecting PM concentrations
with a wide variety of human health effects. However, these effects can be hardly explained by
using one single parameter, especially because PM is formed by a complex mixture of chemicals.
Current research has shown that many of these adverse health effects can be derived from the
oxidative stress caused by the deposition of PM in the lungs. The oxidative potential (OP) of the PM,
related to the presence of transition metals and organic compounds that can induce the production
of reactive oxygen and nitrogen species (ROS/RNS), could be a parameter to evaluate these effects.
Therefore, estimating the OP of atmospheric PM would allow us to evaluate and integrate the toxic
potential of PM into a unique parameter, which is related to emission sources, size distribution and/or
chemical composition. However, the association between PM and particle-induced toxicity is still
largely unknown. In this commentary article, we analyze how this new paradigm could help to deal
with some unanswered questions related to the impact of atmospheric PM over human health.
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1. Introduction

In the last 50 years, the share of the population living in urban areas has increased from 36.5%
to 55.3%, and it is expected to reach 68.4% by 2050 [1]. This amount of people and activity in urban
areas exerts increasing amounts of stress on the natural environment, and one of the major problems
associated with an urbanized world is the air pollution and its impact on human health. This is
specifically associated with airborne particulate matter (PM) [2-5]. Health effects and diseases related
to high PM concentrations are diverse. PM has been associated with cancer, diabetes, cardiovascular
diseases, hypertension, respiratory, and neurological diseases [6-11].

Mass concentration has been a common approach used to correlate the atmospheric PM and its
effects on human health. At first, total suspended particles and PMjy (10 pm in diameter, “coarse”
if >2.5 um) were associated with higher mortality rates [12]. Later, fine PM (with diameter less than
2.5 pm) and ultrafine (0.1 um or less) particles started to gain attention for its ability to penetrate
deeper in the respiratory system, traveling to other organs through the bloodstream [13-18]. PMj; 5 has
been associated with preterm births, accounting for 18% of the total preterm births globally [19] and
with a decrease of the corpus callosum volume during gestation [20]. However, it has been proven
that some PM;y with low density can also deposit in the lungs, thus having a higher health risk than
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expected [21]. The relative estimated risk, according to the U.S. Environmental Protection Agency
(EPA), accounts for an extra 2.5-5% on all-age mortality rates for each 10 ug m=3 or 25 g m~2 increase
in the concentration of PMjy or PM; 5, respectively [22]. Another study in New England established
that for each 10 pg m~2 increase on PM, 5 concentration, the mortality risk associated with short (2-day)
and long-term (1-year) exposures increased by 2.14% and 7.52%, respectively, for population over
65 years old [23]. This study suggested that some PM concentrations, even below the EPA standards,
were positively associated with higher mortality rates after chronic exposures.

However, the concentration of atmospheric PM should not be the only relevant factor to be considered.
Its chemical composition and size vary greatly depending on meteorological factors, emission sources,
transformation reactions and aging in the atmosphere [24-29]. PM contains organic compounds, including
biological materials, such as pollen, spores, plants or animal waste, and inorganic ions, crustal materials,
elemental carbon, and metals. These components, either alone or as part of a mixture, can induce negative
effects on human health. For instance, sulphate ions have been associated with an increase in morbidity
and mortality rates, due to their acidic properties or their interaction with other components—sometimes
increasing the bioavailability of other metals or catalyzing organic reactions [30]. Regarding organic
components, the exposure to PAHs has been associated with lung, skin and bladder cancer, in addition to
endocrinal and immune diseases [31]. Elemental carbon has been associated with hospital admissions
for cardiovascular diseases, while organic carbon was associated with respiratory diseases [32-34].
Occupational exposure and cigarette smoke with high concentrations of Cd are positively correlated
with lung and kidney cancer [35]. Risk of breast cancer, due to the exposure to transition metals was
evaluated through a follow-up study of 50,884 participants, finding that higher concentrations of Cd,
Hg, and Pb were associated with a high risk of breast cancer [36]. Additionally, chemical components
and physical properties may have antagonistic or synergistic effects that must be evaluated. Therefore,
the evaluation of the effects of atmospheric PM on human health needs to be addressed carefully.

Epidemiological studies are generally used to evaluate the human health effects of atmospheric PM.
New approaches are emerging to reduce the uncertainty associated with these results and to answer the
following questions: (i) What concentration of PM is “risk-free” for human health? (ii) How does PM
damage human health? (iii) Is this damage caused by the physical properties of the PM (size and its
penetration ability) or by its chemical composition? (iv) Is the damage caused by the interactions between
the PM chemical constituents? (v) Which chemical constituents are responsible for these effects? (vi) Is there
a method to measure the oxidative properties of PM and represent its physical and chemical characteristics?
Finally, (vii) what would be the best metric, other than PM mass concentration, for determining the
association between the exposure to PM and the adverse effects on human health? Answering these
questions will help us understand the mechanisms of action of PM pollution on human health.

2. Leapfrogging to Oxidative Potential

Although PM mass concentration has been used as an exposure indicator, it may underestimate
the overall impact of PM, since it does not consider the different sizes, compositions and toxicological
effects of its components and their interactions with other pollutants. The negative health effects posed
by the particles cannot be explained by a single parameter, such as mass concentration [37], and thus,
significant empirical uncertainty in the results obtained from epidemiological studies is observed. It is
possible that a specific major chemical component (i.e., a large contributor in terms of mass) has a low
or very low toxicological activity, consequently inducing moderate or no negative effects on human
health, while minority or trace chemical components may have high toxicological activity. In this sense,
the PM mass concentration is a poor metric for explaining the mechanisms by which PM exposure can
induce deterioration in human health [38]. This limitation can be overcome by identifying the possible
relationship between PM toxicity and its specific physical and chemical properties. During the last few
years, the complex and variable composition of PM has been widely studied, and several PM properties
have been identified as important in the determination of its potential health and environmental effects,
but they are not entirely conclusive [39-42].
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The specific mechanisms of action by which exposure to PM may lead to adverse health effects
are still largely unknown [43-45]. Non-oxidant and oxidant mechanisms have been reviewed. Studies
for non-oxidant mechanism have shown that particles may activate the aryl-hydrocarbon receptor
(AhR), activating cytokines, proinflammatory genes, suppressing the cholesterol synthesis and affecting
membrane functions [46]. Other routes linked extracellular signaling (or particle bounding to scavenger
receptors) to induce inflammatory responses. Lastly, some components of particles may act as endocrine
disruptors, altering the hormone synthesis process, excretion, transport, and competing during binding
to carrier proteins or receptor in target cells [47].

Substantial research has been dedicated to understanding the oxidation mechanisms. In many
of these studies, PM health effects have been attributed to its oxidative or oxidant-generating
properties [48-51]. Current research hypothesizes that many of the adverse health effects are derived
from oxidative stress in biological systems caused by the deposition of PM into the lungs [45,52].
This emerging hypothesis is called the oxidative stress paradigm [53]. It proposes that oxidative stress
proceeds through two mechanisms. The first mechanism is related to intrinsic oxidation-reduction
reactions resulting from redox-active substances in the PM [54,55]. This mechanism may be influenced
by specific chemical compounds, such as soluble transition metals, which can reduce the dissolved
oxygen into reactive oxygen species (ROS) and nitrogen-containing oxidants (such as nitric oxide,
NO.), into reactive nitrogen species (RNS) [56,57]. ROS is a collective term comprising chemically
reactive oxygen radicals, e.g., superoxide (O,-7), hydroxyl (-OH), peroxyl (RO;-), and alkoxyl (RO-),
and/or oxygen-derived species, such as hypochlorous acid (HOCI), ozone (O3), singlet oxygen (1O,),
and hydrogen peroxide (H,O,)—which are oxidizing agents and can be converted into radicals [58,59].
In living organisms, ROS represent the most important class of radical species from a biochemical
point-of-view [58,59]. Although ROS and other radicals are continually formed in the human body as
a natural by-product of aerobic metabolism, the enhanced generation of radicals induced by PM can
overwhelm the antioxidant defenses [53].

The second mechanism is the biological response to inhaled PM or cell-mediated oxidant generating
capacity. This mechanism is believed to be associated with oxidative phosphorylation in cells, which
occurs through the sequential addition of electrons to dissolved oxygen [52,60-62]. The amount
of ROS formed by PM is several orders of magnitude higher than the concentrations that cause
oxidative stress, which is the main cause of the inflammatory response. Figure 1 summarizes these
mechanistic pathways of PM producing oxidative stress and inflammatory responses. Thus, oxidative
stress represents a relevant mechanism of toxicity derived from PM, and the oxidative potential (OP)
measurement in PM can be a first step in the elucidation of the subsequent downstream processes.
However, the relatively complex measurement processes in biological systems make it difficult to
monitor the ROS parameter in the environment.
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Figure 1. Schematic mechanistic pathways of particulate matter (PM) producing oxidative stress and
inflammatory response.
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3. Oxidative Potential Measurement Assays

Based on this possible route linking aerosol chemistry to human health, numerous studies have
focused on measuring the oxidative properties of ambient particles. These measurements have been
done using cell-free, in-vitro or ex-vivo methods (cell cultures), in-vivo assays or epidemiological studies.

Cell-free tests are based on the consumption of a molecule (i.e., usually antioxidants) or by
direct measurement of the formation of ROS from PM extracts. They are helpful for a rapid initial
hazard screening, require less controlled environments, are simpler and cheaper than those using
biological systems, and allow OP environmental monitoring. However, cell-free assays fail to explain
and predict physiological responses. OP cell-free assays are diverse [63] and include dithiothreitol
(DTT) assay [64—66], ascorbic acid (AA) assay [67,68], glutathione (GSH) [69] and dichlorofluorescin
(DCFH) assays [70,71] and electron spin (or paramagnetic) resonance (ESR) [72,73]. ESR measures
the generation of ROS via electron spin resonance, while the DTT, GSH and AA assays measure
the depletion rate of chemical proxies for cellular reductants (DTT) or antioxidants (AA), which is
proportional to the generation rate of ROS. On the contrary, particle-bound ROS measurements, such as
the DCFH assay, use fluorescent-based techniques to measure concentrations of specific ROS, usually
the hydroxyl radical or hydrogen peroxide, in PM samples [74,75]. These methods usually reveal a
different response to the chemical constituents of PM. In recent studies [76-79], cell-free assays have
been used simultaneously. Piacentini et al., 2019 [76], compared the DTT, AA and DCFH assays
applied to seven types of widespread atmospheric dust samples (e.g., brake dust, pellet ash, road
dust, soil dust, coke dust and Saharan dust, homogenized and sieved at 50 pm) characterized by
different chemical compositions. The assays provided different results for each dust sample, in which
AA showed a higher response to elemental components related to brake dust, while DTT and DCFH
showed higher responses to combustion sources. This confirms the idea that none of these assays
should be a “one-size-fits-all” approach to measure ROS/RNS in PM. A recent review [74] compiled
epidemiological studies in which associations were stronger when using the OP of PM, instead of
its concentration. The DTT assay has been the most studied, and showed positive associations with
fractional exhaled nitric oxide (FeNO), asthma, congestive heart failure and ischemic heart disease.
Other assays that showed positive associations were ESR and AA (with FeNO) and GSH (using a
surrogate lung fluid) with lung cancer mortality [48,72,73,80-83].

In-vitro and ex-vivo assays use cell cultures to evaluate the effects of PM. Common cell cultures
used are macrophages (RAW 254.7), human lung alveolar (A549), bronchiolar (BEAS-2B) and bronchial
epithelial cells (16HBE, NHBE) [84-87]. The evaluation of OP or oxidative stress in cells after exposure
to PM has been performed using different biological parameters like cell viability, inflammatory
cytokines (e.g., IL-6, IL-8, IL-10 and TNF-alpha), DNA and lipid damage, gene and protein expressions,
antioxidant enzymes activities, ROS generation, oxidative stress biomarkers (Heme oxygenase-1) and
AhR signaling [84-93]. A recent approach is called “organ-on-a-chip” [94-97]. This multi-cellular
culture simulates functions and microenvironments of organs (e.g., lungs, kidney, skin, heart, brain and
bone marrow), they are more representative of human physiological functions, reduce costs and do not
have ethical concerns as in-vivo models. Lung-on-a-chip models have found an increasing generation
of ROS, apoptosis, and inflammatory responses after acute PM; 5 exposures [94]. On a human
microvascular model, exposure to indoor airborne nanoscale particles showed inflammation induced
by ROS and disruption on coagulation functions [97].

In-vivo assays are based on exposing animals or humans to PM and evaluating biomarkers for
oxidative stress in blood, urine, or exhaled breath condensate [98-101]. Delfino et al., 2013 found a
strong association between the potential intrinsic particle-induced ROS generation and the fractional
exhaled nitric oxide, a biomarker of airway inflammation, in schoolchildren with persistent asthma in
southern California [48]. However, they found that the ambient PM, 5 mass concentration was not
associated with biomarkers of airway inflammation. Cell-free OP measurements and cellular oxidative
stress have shown to be associated with ROS/RNS generation, antioxidants degradation and oxidative
damage to biomolecules. DTT is the only assay associate to cytotoxicity [63].
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4. OP Environmental Monitoring

Environmental OP values have been estimated using the methods described above, which can be
expressed as the OP normalized to the volume of air containing a certain concentration of PM, or as
the OP normalized to the mass of particles, representing the intrinsic OP of the PM analyzed.

Sample collection of ambient PM for OP evaluation has been done by different methods:
High and low volume samplers impacting particles in different types of filters, Versatile Aerosol
Concentration Enrichment System (VACES), Particle Into Liquid Sampler (PILS), BioSampler based
on the condensation of particles, and Micro-Orifice Uniform Deposition Impactor (MOUDI) for
size-segregated samples [93,102-105].

Seasonal variability has been observed for the estimated OPs of PM samples at different locations
worldwide. OP measured by the AA, GSH and DTT assays in Chamonix, France was found to be
between 3 to 6-fold higher in winter compared to summer [106]. This was mainly due to the major
strength of typical winter sources, such as domestic biomass burning for heating. In fact, DTT assay
is deemed to be specifically sensitive toward particles released by biomass burning during the colder
season [106-108]. However, other studies have found higher OP for PM samples collected during
summer compared to winter (1.5 to 2 times higher), and this was related to the concentration of
water-soluble organic components associated with the photochemical formation of secondary organic
aerosols [71,109]. In contrast, significant DNA damage was attributed to the water-soluble trace
elements [110]. Some studies provide a systematic long-term (year-round) OP estimation for atmospheric
PM samples collected at urban and sub-urban areas. Average results for the OP of PM estimated by
the DTT assay are: Atlanta 0.22 + 0.07 nmol min~! m™3 [79], Salento 0.24 + 0.07 nmol min~! m™3 [111],
Athens 033 + 020 nmol min~' m™3[112], Xi’an 0.51 + 0.1 nmol min™! m™3 [113], Hangzhou
0.62 nmol min~! m=3 [114], and Beijing 12.26 + 6.82 nmol min~! m~3 [109].

Other studies, focused on determining spatial variability, show that the OP of PM;g samples
measured by ESR spectroscopy was 4.5 times higher in an industrial city compared to a neighboring
rural town, despite having similar atmospheric PM1y concentrations [115]. Similarly, higher OP values
for PMjy and PMj; 5 samples measured by EPR were found at locations close to highways and roads,
compared to urban background locations and suburban background locations in the Netherlands.
Furthermore, the values observed were 3.6 to 6.5 times higher at the urban locations compared to the
suburban locations [116]. In Los Angeles, the USA, the redox activity (measured by the DTT assay) of
the PM size-segregated samples collected in various sites (e.g., road tunnel, freeway, background sites)
revealed the highest OP for PM, 15 samples collected in a road tunnel, which were directly influenced
by emission sources [117].

Automatization and online measurements have been a growing area of study, as they have the
potential to significantly reduce analysis time, materials and would also help to obtain data with better
time resolution. Some automated systems developed are based on the DCFH [118,119], DTT [120-123],
-‘OH-TPT assays [124], and a multi endpoint ROS activity analyzer for DTT, -OH in DTT and AA, GSH,
‘OH in SFL [125]. Those advances contribute to scaling-up the research efforts and to design future
monitoring applications.

Personal monitoring has gained relevance in recent years. These studies combine spatiotemporal
resolution and a more representative exposure of the organism. Quinn et al., 2018 [126] used a
microenvironmental aerosol sampler (AMAS) that uses a filter for different microenvironments (e.g.,
home, school and transport). The estimated OP was then normalized to the time spent in each place,
and samples collected at homes showed the highest OP, possibly related to higher black carbon
concentrations indoor. Other studies evaluating total personal and indoor/outdoor exposure show that
OP (mass normalized) was higher on personal monitoring [127,128]. These studies also show that the
use of air cleaners can reduce the measured OP and ROS exposure in indoor environments (related
to roadway emissions), but they do not significantly reduce overall personal exposure, that could be
related to other daily activities [129,130].
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5. OP and Chemical Composition of PM

PM components involved in the formation of ROS include heavy metals, organic carbon (OC),
polycyclic aromatic hydrocarbons (PAHs), quinones and others [55,131-133]. The OP of the PM is
attributed, in part, to the content of transition metals, such as Fe, V, Cr, Mn, Co, Ni, Cu, Zn, and Ti [134]
and soluble transition metal species [131,135-137]. Metals, such as Fe, Cu, Co, and V, can initiate
ROS formation both directly and indirectly through redox-mediated mechanisms [71,136,138-140].
Additionally, transition metals may act as catalysts through Fenton-type reactions [54,65,138] and
promote the formation of ROS. The importance of the role of metals in ROS activity is supported by a
study by the California Air Resources Board and the California Environmental Protection Agency [134],
which found that the removal of metals from diesel PM via metal chelation treatment reduced the ROS
activity by an average of 77%. Similarly, ultrafine particles with metallic components were found to
produce increasing ROS activity, and different metal compositions were linked to the different levels
of ROS and inflammation observed [134]. For example, based on a correlation analysis of the PM
concentrations of soluble metals and the redox activity of the samples evaluated by the DTT assay,
Charrier et al., 2015 [131] found that approximately 80% of DTT consumption can be attributed to
metals in PM; 5 samples. The potential sources of transition metals (Fe, Cr, and Mn) in PM include a
variety of high energy/combustion sources, such as vehicle exhaust, coal and fuel oil burning, welding
fumes, steel processing, and waste incineration [141]. An example of the impact of emission sources
can be found in a study of PM emitted from oil combustion, in which the PM-induced redox activity
was associated with residual oil combustion tracers (e.g., V and Ni) [136] at multiple locations and size
ranges. It is important to mention that OP assays have different responses to metals [74]. Generally, AA
is deemed to be particularly sensitive to transition metals and has been strongly positively correlated
with the main elements tracing non-exhaust traffic emissions, such as Cu, Fe and Mn. On the other hand,
various chemical components in atmospheric aerosols have been demonstrated to be well-correlated
with DTT, including water-soluble transition metal ions (Cu and Mn mostly), water-soluble organic
compounds and quinones. Numerous studies have shown strong correlations of DTT with biomass
burning tracers, such as K and organic compounds like levoglucosan.

The oxidative potential of particulate matter has also been attributed to certain organic
compounds. A wide variety of organic compounds in PM (such as quinones and PAHs) induce
oxidative stress [142,143]. Particles generated by combustion processes, from wood smoke and diesel
exhaust, contain quinones and nitro-derivatives of PAHs, oxygenated PAH, and halogenated aromatic
hydrocarbons that are related to the redox activity of PM [142,143] and can be involved in the redox
cycle, resulting in the formation of ROS [144,145]. The redox activity may be more strongly correlated
with high molecular weight PAHSs [146]. Semiquinone-like compounds in the PM samples may be
responsible for radical production, which is similar to the reduction of dioxygen by hydroquinone and
semi-quinone radicals [147,148]. Charrier et al., 2015 [131] measured species in particles collected from
the San Joaquin Valley of California and found that approximately 20% of the redox activity could be
attributed to quinone species when budgeting the redox activity observed. Further research will be
needed to identify the quinone species and the relationship between these compounds and the redox
potential that leads to the generation of ROS.

The organic carbon (OC) and water-soluble organic carbon (WSOC) content in PM has also been
correlated with redox activity [133,149]. Samples collected in six European cities induced greater
inflammatory and cytotoxic response on mice for PM,_» 5 compared to PM; 5_19. Dicarboxylic acids,
oxidized PAHs and monosaccharide anhydrides from incomplete local combustion and photochemical
reactions may have generated an immunosuppressive effect on mice [150].

Secondary organic aerosols (SOA) formed under oxidant conditions have shown to be highly
reactive towards OP assays. High concentrations of NOx and O3 generate more oxidizing SOAs
than when their concentrations are low [151]. Naphthalene, toluene, isoprene (epoxides and hydroxy
hydroperoxides) and methacrolein derived SOA showed similar OP or ROS generation compared
to biomass burning and PM from diesel exhaust [93,151-155]. Inorganic ions S04~ and NO3~ may
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produce an acidic environment, which would affect other components, like transition metals, increasing
their solubility and having synergistic contributions on oxidative stress [114,156,157].

Lastly, bioaerosols or the biological fraction of PM have an important role in ROS production, and
fungal spores showed 10 times more oxidative reactivity than bacterial cells [158]. Synergistic and
antagonistic effects between chemical components of PM has been found to affect the OP measured
by DTT assay. Mixtures of Fe, Cu and Mn were evaluated with quinones and humic-like substances
(HULIS) finding that its interaction varies with the concentration of components. Quinones are synergic
or additive with Fe; Cu have antagonistic interactions with phenanthrenequinone (PQ), but additive
with 1,2-naphthoquinone (1,2-NQ) and 1,4-naphthoquinone (1,4-NQ); Mn interacted synergistically
with 1,4-NQ in DTT, but antagonistically with PQ [159-161]. HULIS and Cu mixtures suppress OP at
low Cu concentration, while an enhancement of OP was found in mixtures of HULIS and Mn [160].
Guo et al.,, 2020 [161] established a new approach to quantify the interactions of PM components that
will be useful to characterize interactions among components helping to describe and understand
OP measurements.

6. Oxidative Potential and Size Segregated PM

Particle size can also be critical in mediating PM oxidative stress [162]. Because of their variable
concentration, number, surface area and high pulmonary deposition efficiency [136,137], ultrafine
particles may be more biologically active than coarse or fine particles [163]. The AA assay has been
found to be particularly sensitive to coarse particles (mainly released by mechanical and abrasive
processes). In contrast, the DTT and DCFH assays resulted in being more sensitive toward fine particles,
mainly originated by condensation and accumulation of ultrafine particles released by combustion
processes [134]. In fact, transition metals, to which AA is deemed to be more sensitive, are especially
present in the coarse fraction, since they are mostly released by mechanical and abrasive processes,
such as brake abrasion. On the contrary, water-soluble metals and organics, which are generally
associated with higher intrinsic ROS activity, and to which DTT and DCFH seem to be more sensitive,
are mainly released by combustion processes in ultrafine particles that generate the fine fraction of PM
by condensation/coagulation processes. We can thus assume that the relationship between PM size
and its OP mainly depends on the different chemical composition of the PM in different size fractions.
However, a higher activity has been found for smaller particles overall. Evaluating particles collected
in Los Angeles from November 2001 to March 2002, Li et al., 2003 found that the DTT decay rate per ng
of PM was 8.7 times greater for PMj 15 compared to fine particles, and 21.7 times greater compared to
coarse particles [162]. Likewise, Cho et al., 2005 reported a similar trend examining particles collected
in Los Angeles; the redox activity, when normalized to the particle mass, decreased moving from
ultrafine to fine and from fine to coarse particles [64].

The effect of PM size on the OP of samples collected in an urban setting using a MOUDI
sampler [61] was determined by the DCFH assay. The results show that the OP was higher for particles
in the ultra-fine size range. This finding may be explained by the fact that ROS can be produced
by photochemical reactions or vapor phase condensation on the particles. Similarly, other studies
using DTT assays also showed a higher redox activity for PM samples in the ultrafine mode, while the
activity decreased for PM samples in the fine and coarse modes [61]. A significant correlation was
shown between particle numbers (but not particle mass) and the oxidative potential of diesel exhaust,
again indicating that the particle size and composition strongly influence the particle OP [105,164-166].

The OP of nanoparticles (NP) has been explored and discussed, due to their diversity in size,
morphology, composition and synthesis process [39]. The OP for NP is proposed to be expressed
in terms of mass and surface. Different NP (black carbon-based) were compared to diesel particles,
and smaller NP (12 nm) with larger surface area and post-treated by the manufacturer with oxidants,
presented the highest DTT responses followed by larger diesel particles, showing the importance on
chemical composition and treatment factors as surfactant concentration and sonication time [167].
OP for amorphous silica NP (15 nm to 100 nm) and the effects of different surface coverage of
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organic components were evaluated, finding that 15 nm exhibit the highest OP among the group [168].
Liu et al.,, 2020 simulated the transformation of NP in the atmosphere, evaluating the effect of coating
thickness of OC and aging for TiO;, CeO,, and SiO, NPs. Coating reduced the OP of TiO, and
CeO; and increased the OP of SiO,; meanwhile, OP increased over 93% for all particles, due to aging
by photooxidation [169]. These results suggested that there is no simple relationship between the
dominant size of the air pollution particles and OP.

7. Oxidative Potential and PM Source

Source apportionment of estimated OP values resulting from field campaigns has shown differences
among assays and sites studied, along with high temporal and spatial variability in each site. Studies
conducted to date have examined the toxicity of PM collected at urban areas of interest, including
locations impacted by nearby roads, airports, harbors, power plants and refineries. For example,
in some studies [149,165] fuel oil combustion and vehicular sources (abrasion as well as tailpipe
emissions) were found to be two major contributors to ROS activity, as indicated by the association of
their metallic tracers with ROS activity at Los Angeles (USA), Long Beach (USA), Beirut (Lebanon),
Milan (Italy), Thessaloniki (Greece), Denver (USA) and Lahore (Pakistan). The water-soluble fraction
of organic aerosols is also another major contributor to ROS activity, with a more dominant effect
at the locations with higher SOA formation at Riverside (USA), Milan (Italy) and Denver (USA).
Additionally, Saffari et al. found that the intrinsic PM-induced ROS activity levels, as well as the
exposure to redox-active PM, are higher in locations with permissive air quality regulations compared
with locations with stringent regulations [149].

Source appointment for OP estimations in Atlanta showed differences between assays. For the AA
assay, the major source was vehicle emissions (brake/tire wear). Biomass burning did not contribute in
the AA assay, but was the major contributor in the DTT assay [83]. This reinforced what was observed
in Sarno, Italy [170], where biomass burning, and traffic emissions were the main contributors to the
OP measured with the DTT assay. The contributors to the OP vary with seasonality, in Beijing the OP
estimated with the DTT assay during summer and autumn was driven by vehicle emissions, in winter
by coal combustion and in spring by dust emissions [71]. Major contributors in Athens, evaluated
using the DCFH assay, were vehicular emissions (44%), secondary organic aerosol formation (16%),
and biomass burning (9%) [71].

Land use regressions (LUR) models are being used to explain the spatial distributions and
associations of the estimated OP with variables derived from geographic information systems (GIS) [171],
such as traffic count/flow, population density, tree coverage, CO and NOx emissions, distance to
railroads, commercial land use, parks, residential and industrial areas, distance to highways, restaurants,
distance to the airport, buildings, harbors and regional background [171-176]. A study using the DTT,
AA and GSH assays estimated the OP in Toronto in over 40 sampling sites and found that traffic-related
components were dominant. Additionally, LUR models using the OP estimated using the AA assay
performed better in summer (R? = 0.48), while models using the OP estimated using the DTT assay
performed better in winter (R% = 0.55) [174].

Previous knowledge on the relative contributions and relevance of local emission sources can be
very helpful in building up the related OP values responsible for the generation of ROS. The results
obtained for a sampling area must not be extrapolated to others. Therefore, OP estimations using
different emission sources and size fractions are needed to help understand which PM sources could
represent a significant health hazard.

8. Final Remarks

In summary, the OP of PM samples and their ability to generate endogenous or exogenous
ROS/RNS is a relevant area of study to evaluate the toxicological and potential health effects (from
damage to macromolecules in cells to increasing mortality rates). Further evaluations of the spatial
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and temporal distributions of the redox activity of PM samples are underway, along with studies of
the relationship between the OP and other physical and chemical properties of PM samples.

The determination of an association between PM and particle-induced toxicity is complicated
by the fact that airborne PM is composed of a complex mixture of chemicals that originates from
various sources. Therefore, additional research is needed to identify the specific PM characteristics
(e.g., size distribution, emission source or chemical content), which contribute the most to its redox
activity. The OP measurements provide information that allows us to evaluate and integrate the toxic
potential of PM samples in a unique parameter that connects emission sources, size distribution and/or
chemical composition.

Finally, the OP, like a metric associated with health effects (oxidative stress), can play an important
role in research associated with exposure assessment and risk management (see Figure 2). Under
this conceptual scheme, the OP is a nexus between aspects of exposure and health impacts, since it
provides information related to the dose and the biological mechanisms of the associated health effects.
This improves the current knowledge and helps to establish effective pollution control and preventive
strategies. Moreover, the OP can be seen as a link between the disciplines of atmospheric sciences (e.g.,
atmospheric chemistry), health sciences (e.g., environmental epidemiology, environmental geology, etc.)
and social sciences (e.g., political sciences, economic sciences).

Leapfrogging to oxidative potential

g oxid biolocical Risk
xidative iologica i i
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Figure 2. Conceptual an integrated research across the exposure-risk assessment-risk management.
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