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The oxidative potential (OP) of particulate matter (PM) has recently been considered as a viable health-

based metric of PM exposure. Several acellular assays have been developed to assess OP, but there is no

clear consensus in the methodology or protocols used that allows inter-comparison between studies.

This research investigates five different acellular OP assays and their sensitivities with the chemical

composition of atmospheric particulate matter (PM10) and its emission sources. We revisited and

evaluated PM10 samples collected over one year in the urban Alpine city of Grenoble, France. The OP of

PM10 was assessed by integrating assays commonly found in the literature, such as ascorbic acid (AA),

dithiothreitol (DTT) and 2,7-dichlorofluorescein (DCFH) but also adding novel and less explored assays

such as Ferric-Xylenol Orange (FOX), and a direct ROS-quantification through cOH. Detailed source

apportionment of PM using positive matrix factorisation (PMF) previously performed was coupled with

multiple linear regression (MLR) models to determine the OP contribution of PM10 sources. The results

highlight the importance of seasonality in the mass contributions of each source and its corresponding

influence on OP. These seasonal differences helped to identify the specific reactivity for each studied OP

assay. In winter, a good agreement was found between all the OP assays with anthropogenic sources.

However, during warmer months, with a reduction in the share of anthropogenic emissions, a higher

impact from biogenic and secondary organic-related aerosols has been found. Our results also show

a dissimilar sensitivity of each OP to the PM10 sources, likely associated with the chemical composition

and chemical processes involved. Thus, our findings show the importance of combining various OP

assays to capture different sensitivities to redox-active species to get a clearer picture of the intrinsic

capacity of PM sources to cause damaging oxidative reactions in the lung. Providing the heterogeneity of

sources obtained with the different OP assays for a given ambient PM exposure, the choice of a single or

a combination of OP method(s) must be rationally evaluated as part of the assessment strategy. Such

a choice would offer valuable source-related information as a powerful tool to better understand the

nature and the intensity of air pollution and envisage the targeted sources for future mitigation policies.
Environmental signicance

In recent years, studies have been increasing to link oxidative potential (OP) acellular assays of particulate matter (PM) and adverse health outcomes. However,
there is still no consensus on which OP test(s) should be applied to fully assess the intrinsic capacity of PM sources to cause damaging oxidative reactions in the
lung. In this work, we integrate a comprehensive evaluation of the chemical composition of PM, their emission sources and their OP, obtained by ve different
assays: AA, DTT, DCFH, FOX and OH. Our results provide a better understanding of the underlying sensitivities of each OP assay and how the seasonality,
concentration and chemical proles, together with the OP assay selected, can reveal a different exposure ranking for PM sources. We also discuss the selection of
the OP assay to be performed and the implications of this choice for future control mitigation strategies.
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1. Introduction

In recent years, many studies have demonstrated associations
between exposure to ambient air pollution and adverse human
health outcomes.1–5 Epidemiological studies have suggested
that the largest chronic effects of air pollution can be linked to
particulate matter (PM), which can induce oxidative stress at the
cellular level.6 PM comprises complex chemical mixtures
resulting from natural and anthropogenic sources and atmo-
spheric processes. By denition, oxidative stress is the excess
production of reactive oxygen species (ROS) relative to antioxi-
dant defence.7 ROS include radical and non-radical oxygen
species such as superoxide anion (O2c

−), hydrogen peroxide
(H2O2), and hydroxyl radical (OHc), which represent the
different steps of the ROS-formation-induced cascade. The
capacity of PM to induce oxidative reactions or to catalytically
generate ROS into a biological media is quantied by its
oxidative potential (OP).8–11 As a consequence, some recent
studies have conrmed that increased exposure to OP in PM
(short or long-term) in urban and suburban environments can
lead to an increased occurrence of cardiopulmonary or neuro-
logical diseases as well as mortality in cases of cancer, asthma,
or stroke.8,12–24 In most studies using the ascorbic acid probe
(OPAA), no association with adverse health outcomes was
observed, such as respiratory and cardiovascular mortality,
cardiorespiratory emergencies and lung cancer
mortality.16,23,25,26 Nevertheless, some positive associations were
found between OPAA and systemic inammatory biomarkers in
short-term exposure studies.18,27 Additionally, a recent study
revealed strong associations between outdoor ne particles,
oxidizing gases and sulfur and OP (mainly for OPGSH and also
for specic cases of OPAA).19,28 These results so far suggest that
OPAA provides limited information on the link between OP and
adverse health effects, but the number of studies is still too
limited to rule out its predictive capacity in terms of health. On
the opposite, thiol-based OP probes showed more positive
associations with health. OPDTT has been associated with
various acute cardiac and respiratory endpoints in some
studies.8,12,15,16,18,23,24,29 These ndings agree with previous cohort
studies showing that respiratory health was more strongly
associated with OPDTT than with PM mass.24 Other effects,
such as restrictions in foetal growth20,30 and reduced lung
function in children,26 have been found in cohort studies where
consistent associations with OPDTT have been observed. OP is
a relatively simple measure of PM redox activity but also reects
a complex and dynamic interplay of particle size, composition,
and chemistry. Consequently, OP of PM is increasingly being
studied as a relevant metric associated with health impacts.
Indeed, much of the ambient particle mass does not contribute
to the toxicity of PM,31 and a current hypothesis is that OP would
be more relevant than PM mass to assess exposure effects.

Over the last 10 years, very large developments in source
apportionment methods were introduced to determine and
quantify the main sources and processes inuencing the PM
measured at a given location. Particularly, the Positive Matrix
Factorization (PMF) model has had several developments and
1498 | Environ. Sci.: Atmos., 2023, 3, 1497–1512
beneted from a series of standardised procedures and quality
assurance controls,32 together with the introduction of many
new source tracers in the input data, mainly organic species.
Specically, many studies were recently developed on samples
from several sites in the Grenoble area,33–36 which now allows to
routinely quantify about 9 to 12 sources, both primary and
secondary, from biogenic and anthropogenic sources. These
developments enable us to perform source apportionment for
the PM10 sources in this area, where the total mass of the
founded sources is comparable to the total measured PM mass.

Despite those improvements in the state of the knowledge of
PM chemistry and OP, there is still no consensus about the type
of assay to use and their protocol standardisation, making
results across studies difficult to compare. Consequently, there
has been an increased interest in measuring and developing
OP-related studies involving different in vivo or in vitro assays
and extensive aerosol characterisation to estimate the main
sources contributing to PM OP. Acellular assays have been
considered more favourable for assessing the OP of atmo-
spheric particles as they rely on faster measurement and can be
run with less technical constraints than cellular assays (i.e.
biological assays).37 Such acellular assays include the dithio-
threitol assay (DTT), ascorbic acid assay (AA), 2,7-dichloro-
uorescein assay (DCFH), AA-GSH in respiratory tract lining
uid (RTLF) assay, glutathione assay (GSH), and Ferric-Xylenol
Orange assay (FOX). These acellular assays target different
ROS and display different sensitivities to specic particle
components. For example, organic compounds and some
soluble transition metals contribute to increasing OP of PM
when using the DTT assay,38–40 whereas the AA assay mainly
responds to transition metals.29,41,42 In addition, applying these
commonly used assays simultaneously allows different mecha-
nisms of ROS generation to be assessed, contributing to the
chemical/biological pathways leading to PM-induced oxidative
stress. In recent years, there has been an increasing number of
studies assessing the OP of PM; however, the analysis of more
than two OP tests for a single dataset incorporating full PM
chemistry remains scarce.33,38,43

In this context, this work aims rst to evaluate the seasonal
contribution of PM10 source exposure in an urban hyper-centre
site in Grenoble, France. The main goals of this study are to
discuss the measured OP assessed by 5 different acellular
assays, integrating those commonly found in the literature (AA,
DTT, and DCFH) but also the addition of less explored assays
such as Ferric-Xylenol Orange (FOX), and a direct ROS-
quantication through cOH assay. We also investigated the
seasonal tendencies and the chemical dependencies associated
with each OP assay. Finally, the results of the previous PM10

source apportionment enhanced model were used to deconvo-
lute the inherent oxidising activity contribution of each PM
source in terms of OP. This overall work allows, for the rst
time, a detailed comparison of specic sensitivities of a series of
different OP assays, their association to the main drivers of
PM10 OP according to the season and such respective implica-
tions for sources control.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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2. Methods

The study area is located in an alpine valley city in Grenoble,
France, with an altitude of 212 m a.s.l. The city is surrounded by
several mountain ranges, which typically favour the entrapment
of pollution in the valley, particularly during the winter.44 A
more detailed description of the study area is available in Bor-
laza et al.36

The sampling site (Caserne de Bonne in Grenoble's down-
town) is located in a 300 × 300 m square pedestrian area
bordered by heavy-traffic streets on each side. PM10 measure-
ments were performed by lters sampled for 24 hours in a 3 day
sampling interval for a full year. The sampling was performed
using a high-volume sampler (Digitel DA80, 30 m3 h−1) onto 150
mm-diameter pure quartz bre lters (quartz PALL QAT-UP
2500 diameter 150 mm). A total of 127 samples and 20 eld
blanks were collected from February 28, 2017, to March 10, 2018
(starting at 00:00 LT). Aer collection, lters were wrapped in
aluminium foils and preserved under refrigerated conditions
(<4 °C) until analysis.
2.1 PM chemical composition

Comprehensive chemical analyses were performed at IGE for
each sample and blank, including ions, sugars, polyols, organic
acids, metals and organic and elemental carbon.

Soluble anions and cations (NO3
−, SO4

2−, Cl− and NH4
+,

Mg2+, Na+, Ca2+, K+) were quantied by ionic chromatography
using an ICS3000 dual-channel chromatograph (Thermo-
Fisher) following the protocol detailed in Waked et al.45

Briey, sample punches were soaked in 10 mL of ultra-pure
water under orbital shaking and then ltered using 0.22 mm-
porosity Acrodisc lters before analysis. The same extract was
used for the measurements of sugar alcohols (arabitol, sorbitol,
and mannitol, also called polyols) and anhydrous mono-
saccharides (levoglucosan, mannosan, and galactosan) that
were quantied using high-performance liquid chromatog-
raphy with pulsed amperometric detection (HPLC-PAD).46

Additionally, the identication of a large number of organic
acids was performed using the same water extracts. Quanti-
cation was performed by HPLC-MS (GP40 Dionex with an LCQ-
FLEET Thermos-Fisher ion trap) with negative electrospray
ionisation. The separation column is a Synergi 4 mmFusion – RP
80 Å (250 × 3 mm ID, 4 mm particle size, from Phenomenex).
More details about this method can be found in Borlaza et al.38

Concentrations of a large range of inorganic elements,
including 18 trace metals, were obtained by ICP-MS analysis
(ELAN 6100 DRC II PerkinElmer or NEXION PerkinElmer)
following a protocol similar to the one described in Alleman
et al.47 Before ICP-MS analyses, each sub-sample was acid
digested (with 5 mL of HNO3 and 1.25 mL of H2O2) for 30 min
with a microwave oven at 180 °C (MARS 6, CEM).

Finally, organic and elemental carbon (OC and EC) were
analysed using a Sunset Lab. Instrument (Model 150C)
following the EUSAAR2 thermo-optical protocol.48

The 20 eld blank lters were analysed using the same
analytical techniques to determine limits of detection (LoD) and
© 2023 The Author(s). Published by the Royal Society of Chemistry
to check for the absence of contamination during sample
transport, setup, and recovery. These blank values were
considered for the calculation of atmospheric concentrations.

2.2 Source apportionment model

The Positive Matrix Factorization (PMF) model was applied to
identify and quantify the emission sources making up the PM10

concentrations. Its application to this specic sampling series is
described in detail in Borlaza et al.36 In brief, it was conducted
using the United States Environmental Protection Agency (US-
EPA) soware PMF 5.0.49 PMF is based on the factor analysis
technique50 applying a weighted least-squares t algorithm
allowing the resolution of eq.1 X = (G × F) + E, where: X is an (n
×m) matrix representing the species concentration (m) for each
sample (n), G is the (n × p) matrix representing the source
contributions (p) of each sample, F is the (p × m) matrix rep-
resenting the factor composition, and E is the residuals matrix
(i.e., the difference between measurements and model output).
In their study,38 selected 35 chemical species as input variables,
namely OC, EC, large series of ions and trace metals, and
specic organic tracers: methanesulfonic acid (MSA), levoglu-
cosan, mannosan, polyols (sum of arabitol and mannitol), pinic
acid, 3-methyl-1,2,3-butanetricarboxylic acid (3-MBTCA), and
phthalic acid. The search for the best solution follows a classical
iteration of trials and errors, including the introduction of
a series of chemical constraints applied to chemical proles or
PMF factors based on expert geochemical knowledge once
a base case solution is obtained,50 as tested in many studies over
France and Europe.33 The result obtained for this urban hyper-
centre site is a solution with 11 factors, as described below,
rather similar to results obtained at other sites within the Gre-
noble area.36 The PMF-resolved sources were then used as the
input variables in the OP deconvolution method. The reparti-
tion of chemical species into each PMF source is presented in
Fig. S1†.36

2.3 OP assays

2.3.1 The DTT, AA and DCFH assays. The OP of PM10

samples obtained during the year-long campaign was assessed
by extracting the PM in a simulated lung uid (SLF) solution
comprising a mixture of Gamble + DPPC (dipalmitoylphos-
phatidylcholine) at 37 °C, as described in Calas et al.43 The lter
punches extracted were calculated to obtain an extract in SLF at
iso-mass at 25 mg mL−1 to keep a constant amount of PM
extracted, including both water-soluble and insoluble particles
(without ltration). Blank lters were also analysed to blank-
correct all measurements. These PM extracts were subjected
to three different acellular assays. The dithiothreitol (DTT)
assay (OPDTT) is based on the ability of PM to transfer electrons
from the DTT molecule to oxygen, generating a superoxide
anion and thereby producing ROS. The lter extracts reacted
with the DTT solution, resulting in the consumption of DTT,
which was then titrated with dithionitrobenzoic acid (DTNB) in
direct proportion to the amount of reduced DTT in the solution.
The measurements were conducted according to the protocol
detailed in Calas et al.,43 adapted from Cho et al.9
Environ. Sci.: Atmos., 2023, 3, 1497–1512 | 1499
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The Ascorbic Acid (AA) assay (OPAA) measures the depletion
of this lung antioxidant when in contact with PM. Our protocol
is fully described in Calas et al.43 This assay measures AA
consumption (nmol min−1) inferred by the electrons transfer
from AA to oxygen (O2). AA test is usually applied to quantify the
transition-metal-based redox activities but is also sensitive to
organic tracers.43,51

For both AA and DTT assays, the SLF extracts were injected
into a 96-well plate using a microplate reader spectrophotom-
eter (TECAN Innite M200 Pro). The DTT consumption
(nmol min−1) was determined by following the TNB absorbance
at 412 nm wavelength at 10 min intervals for 30 min of analysis.
For the AA assays, the absorbance was measured at 265 nm at
4 min intervals for 30 min of analysis.

The acellular dichlorouorescein (DCFH) (OPDCFH) assay
relies on a non-uorescent probe, which is oxidised to a uo-
rescent product in the presence of ROS and horseradish
peroxidase (HRP). The method follows the protocol developed
by Foucaud et al.52 The ROS concentration in the sample is
calculated in terms of H2O2 equivalent. Then, the DCF is
measured by uorescence at the excitation and emission
wavelengths of 485 and 530 nm, respectively, every 2 min for
30 min. This acellular probe is known to be sensitive to organic
compounds and some metals51,53 but also to reactive nitrogen
species.54

The OP activity is frequently represented by two different
normalisation units, including the mass-normalised OP (OPm),
where OP values are normalised by the mass of particles (mg),
and the volume-normalised OP (OPv), where OP values are
normalised by the volume of air sampled (m3). The OPm is the
intrinsic OP property associated with 1 mg of PM. Conversely,
OPv represents the exposure per volume of sampled air. All
samples were subjected to triplicate analysis, resulting in the
mean of such a triplicate.

In the next sections, we describe the new OP assays applied
in this study: OPOH and OPFOX.

2.3.2 The cOH assay. Hydroxyl radicals (cOH) induced by
PM were measured aer the reaction with TerePhtalic Acid
(TPA) by measuring the adduct that formed, namely hydrox-
yterephtalic acid (hTPA). One or two lter punches (13 mm
diameter) were extracted in volumes of pure H2O determined
from the PM mass accumulated on the lter to reach the tar-
geted concentration of 20 mg PM mL−1. Fluorescence emission
of hTPA at lem = 424 nm (lexc = 310 nm) was recorded by using
a Tecan® M200 microplate reader over 75 min (with a time step
of 2 min) at 30 °C, aer the addition of solutions of TPA in
phosphate buffer (pH 7.4) and ascorbate (Asc) (nal concen-
trations in wells of 1 and 0.1 mM, respectively). The plate was
shaken for 30 seconds before the rst measurement and 5
seconds before each subsequent measurement. In the absence
of an initial supply of H2O2, cOH production catalysed by PM is
only signicant in the presence of a reducing agent that helps to
recycle PM components (chiey 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 rate of cOH production (POH in nM min−1) was derived
from the slope of the kinetic curve, obtained from triplicate
1500 | Environ. Sci.: Atmos., 2023, 3, 1497–1512
measurements, which was subtracted from the slope of the
blank solution (obtained from a non-exposed lter), using daily
calibration curves with hTPA standard solutions (0 to 5.3 nM)
and considering the yield of the cOH + TPA reaction (g = 0.35 at
pH 7.4) (Page et al.,55 2010). All the samples in the series were
processed over 20 days of analysis. The LoD was established
daily by analysing blank triplicates (0.4 ± 0.2 nM min−1) and
was lower than the lowest POH value measured, i.e. 1.0
nM min−1. Uncertainties were estimated through the interday
analysis (at least n = 3 analyses) of randomly chosen lters
belonging to the samples database. One particular lter serving
as a control and belonging to the series was reserved and
systematically extracted and analysed for POH each day of
analysis. The POH values obtained for the samples analysed on
a given day were then corrected for variations observed for the
control lter analysed on the same day. No signicant trend in
the POH of the control was observed over the 20 days of analysis,
conrming that the lter used had maintained its chemical
integrity throughout the analysis period.

A coefficient of variation at the 90% condence level of 20 to
25% (independent of the POH value) can reasonably be proposed
for the PcOH values from the analysis of the samples. Mass-
normalized OPOHm (in nM min−1 mg−1) were obtained by
dividing POH by the PM10 mass in the wells (i.e., 2.14 mg).
Volume-normalized OPOHv (in nM min−1 m−3) were derived
from OPOHm values by multiplying them by the atmospheric PM
concentration (in mg m−3).

2.3.3 The ferrous-orange xylenol (FOX) assay. This analyt-
ical technique and the associated instrument were previously
described in Laulagnet et al.56 In short, the colorimetric Ferrous-
Orange Xylenol (FOX) assay is based on the measurement of the
oxidation rate of Fe2+ to Fe3+ in the presence of a specic ligand
(orange xylenol) and sorbitol. When oxidants are introduced
into this reactive mixture, the produced Fe3+ combines with
orange xylenol, resulting in an increase of the absorbance at
580 nm. This change in absorbance is followed by a home-made
instrument that relies on the multi scattering-enhanced
absorbance principle (MEA), a strategy that enables dramatic
improvement of the LoD and sensitivity of the analytical device.
As a result, LoD as low as 5 pmol H2O2 is reached.56 In addition,
the presence of sorbitol in the FOX mixture acts as a chemical
amplier through the iterative conversions of HOc into H2O2 via
radical reactions.57 The FOX assay is a recognised method
allowing the determination of oxidants (hydroperoxides) in fats
and oil material.58

Briey, a punch of lter was extracted in water (iso-
concentration of 25 mg mL−1), and 100 ml of this extract was
injected into a vial containing 1 mL of FOX solution. The
solution is vortexed and introduced into the photonic instru-
ment. Once operated, the instrument records the absorbance
for 6 min with a time -step of 5 seconds. The average slope
obtained from the absorbance plot as a function of time is
calculated for triplicate measurements. This slope is converted
to H2O2 equivalents using daily calibration curves obtained with
H2O2 standard solutions (0–2.5 mM). The coefficient of varia-
tion, corresponding to the duplicate analysis of the same loaded
lter on six different days, reaches 24%.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.4 Linking PM sources and OP

Spearman correlations were performed between the PM
concentrations and the ve OP assays using the RStudio
program, which sorts the observations into a rank and
computes the levels of similarity between them.

Additionally, multiple linear regression (MLR) analysis has
been applied to model observations from the time series of the
different OP assays. In the regression models, OP assays are
treated as the dependent variables, and the contribution of the
11 sources from the PMF model are the explanatory variables.
For the MLR model, a weighted least-square regression (WLS)
was used to consider the uncertainties of the OP measure-
ments,33 an improvement to ordinary regression approaches
used in the method rst developed by Weber et al.59 The MLR
model provides the relation between OP and PM sources
through the b coefficients for each source. These coefficients
represent the intrinsic oxidative capacity of each emission
source (intrinsic OP in nmol min−1 mg−1). The MLR model is
applied 500 times in the randomly 70% of the dataset to eval-
uate the uncertainty and the variation of the intrinsic oxidative
capacity. Finally, the contribution of PM sources to OP
(nmol min−1 m−3) was accessed bymultiplying the contribution
of each source by the total PM10 mass (mg m−3) by its intrinsic
oxidative capacity.
3. Results and discussion
3.1 Temporal and seasonal evolution of PM and OP assays

The previous PMF results showed that biomass burning,
sulfate-rich, nitrate-rich and road traffic are the main sources
that drive the average PM10 mass yearly.36 However, when those
results are analysed on a seasonal basis, the contribution of
PM10 emission sources shows a different picture. Fig. 1 shows
the average daily contribution of PM10 sources categorised into
warm (May, June, July, August, and September) and cold
months (November, December, January, February, and March)
in Grenoble. During colder months, a similar contribution was
observed to that obtained for the whole year. This result indi-
cates that the main sources controlling average PM10 concen-
trations are mainly related to the ones present in the winter
when the maximum PM10 levels were observed. The median
contributions were also obtained and presented in Fig. S2 of the
ESI† to minimise the effect of extreme measurements. There
were slight changes observed in the ranking of sources, with
road traffic being the third highest contributor during colder
months (Fig. S2†).

The average contribution of sources during the warmer
months showed a different ranking of contributions. Secondary
biogenic oxidation contributed the most to PM10 concentration,
followed by mineral dust, sulfate-rich, and road traffic sources.
The higher contribution of secondary organic aerosols in the
summer months is likely related to the seasonality of biogenic
sources, whose emissions are temperature- and light-
dependent. Regarding mineral dust, previous results indicate
that this source presents a strong local component coupled with
atmospheric dynamics at the urban scale.36 As a result, the
© 2023 The Author(s). Published by the Royal Society of Chemistry
median contribution of PM10 sources in warmer months relo-
cates mineral dust as the fourth highest contributor, preceded
by secondary biogenic oxidation, sulfate-rich, and road traffic
(Fig. S2†).

Fig. S3† shows the daily temporal evolution of PM10

concentrations and the volume-normalised OP (OPv) obtained
for each OP assay. Higher average PM10 concentrations were
observed in winter (20.69 ± 10.52 mg m−3) than in summer
(16.08 ± 6.40 mg m−3). Similarly, higher concentrations for all
the OP assays were observed in the winter compared to the
summer in Grenoble. This seasonality was already observed in
various sites in mountainous areas in France, related to the
development of thermal inversion layers in such valleys,
inducing the accumulation of pollutants and endorsing the
secondary formation processes of aerosol with a signicant
impact on the OP.33,36,60

The average OPAAv was 2.38 ± 1.66 nmol min−1 m−3 in the
cold months, whereas a mean value of 0.72 ± 0.39 nmol min−1

m−3 was observed in the warm months. The average values of
OPAAv obtained in our study are in the same range as those
observed in urban sites in Switzerland (4.1–1.7 nmol min−1

m−3)61 and urban areas in France (2.3–1.0 nmol min−1 m−3),33

or in Spain (1.9 nmol min−1 m−3).62

Average values for OPDTTv obtained in the cold and warm
months were 1.92 ± 1.31 and 1.46 ± 0.71 nmol min−1 m−3,
respectively. The mean values of OPDTTv observed in this study
are within the range of those measured in similar studies in
urban valleys in France (Chamonix = 2.3 and Marnaz = 1.8
nmol min−1 m−3,33) or in a Swiss urban site (Bern = 2.9 nmol-
min−1 m−3).61

Mean OPDCFHv values were 1.53 ± 1.10 and 0.50 ± 0.28
nmol min−1 m−3 in the winter and summer, which are higher
than those observed in previous studies in Switzerland (0.4–0.7
nmol min−1 m−3,61).

A similar seasonal trend is observed in the additional OP
assays presented in this study. For example, the average of
OPFOXv in the winter was 430.7 ± 304.0 pmol H2O2 eq. m−3

compared to 210.6± 127.5 in the summer. This is also observed
for the OPOHv assay with mean values of 72.61 ± 67.74 and 45.25
± 42.96 nmol min−1 m−3 in the winter and summer, respec-
tively. However, since these two OPs are less explored assays for
ambient PM, an inter-study comparison was not possible.
3.2 Relationships between OP assays and PM10

Fig. 2 shows the correlation and distribution plots of daily OPv
activity related to PM10 mass on a seasonal basis, ltered into
winter (blue, cold months) and summer (orange, warmmonths)
seasons. When correlated with PM10 mass concentration, all
ve OPv showed a stronger correlation in the winter compared
to the summer. This behaviour is consistent with results
observed in several locations in France (Grenoble, Passy, Mar-
naz, and Chamonix)33,60 and Beijing, China.63 For instance,
OPAAv presents better correlation coefficients with PM10 mass
concentration (mgm−3) in winter (Spearman coefficient r= 0.84)
than in summer (r = 0.36) (Fig. 2), similarly for OPDCFHv , which
correlates well in winter and poorly in summer, with r = 0.83 vs.
Environ. Sci.: Atmos., 2023, 3, 1497–1512 | 1501
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Fig. 1 Average daily contribution of PM10 sources separated on a seasonal basis. Left: average contribution considering coldmonths (November,
December, January, February, and March). Right: average contribution considering warm months (May, June, July, August, and September).
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0.35, respectively. However, seasonal correlations for
OPDTTv with PM10 are less pronounced, with slightly higher
coefficients in winter (r = 0.83) than in summer (r = 0.56). The
weak correlations between PM10 mass concentration and OP
during warmer months highlight the importance of considering
the impacts of sources with low mass contribution but relevant
contribution in OP.

Similar to OPDTTv , the differences between the seasons
observed for OPOHv were also less pronounced between OPv vs.
PM10 correlations (r = 0.79 vs. 0.64 for cold and warm months,
respectively). The poorest correlation coefficients were found
for the OPFOXv assay (r = 0.52 and 0.31, respectively), even if
seasonality was observed (Fig. 2).

The seasonal variability of OP activity observed to a different
extent by our tests is consistent with the previous
studies.33,38,43,64,65 These results suggest that the ve assays are
sensitive to different PM components and that different PM
sources, components, or atmospheric processes are predomi-
nantly reactive for the assay responses in winter and summer.
1502 | Environ. Sci.: Atmos., 2023, 3, 1497–1512
The higher correlation coefficients presented in Fig. 2 demon-
strate that PM mass could reasonably predict total OPv in
winter. Still, in summer, a more detailed understanding is
necessary to elucidate the OP of PM. In contrast, the similarity
observed in the correlations of OP�OH

v and PM10 between the two
seasons suggests that species inuencing cOH variability (i.e.,
compounds related to or mediated by cOH) in the aerosols are
relatively stable.

Regarding the correlation between the OP assays, our results
show higher Spearman coefficients between OPOHv and
OPAAv correlation (r = 0.76), which present higher values during
winter observations. This strong relationship between both
assays could be related to the fact that OPOH uses the ascorbic
acid as a reductant, looking at the cOH produced by the AA
depletion.

A good correlation is also observed with OPDTTv (r = 0.76) but
with less seasonality than the one displayed by
OPAAv . Interestingly, higher linear correlation slopes are
observed in summer than in winter for OPOHv compared with
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Correlation and distribution plots of daily OPv activity related to PM10 mass (mg m−3), coloured by seasonality, in blue for cold months and
orange for warmmonths. The Spearman correlation coefficients are calculated for the total data (black), cold (blue), and warm (orange) periods.
The stars represent the p-values (*) resulting from the test of association between paired samples: for p-value <0.001 (“***”); p-value <0.01 (“**”);
p-value r < 0.05 (“*”).
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DCFH, AA, and FOX, suggesting its higher sensitivity to the
aerosol chemistry observed in summer. These results could be
related to the higher production of atmospheric oxidants, such
as OH radical (the most active oxidant in the troposphere66) and
the increase of the atmospheric oxidation capacity (AOC) in
summer.67 The AOC refers to the total rate at which the atmo-
sphere removes pollutants through oxidation and determines
the formation of secondary pollution67 and the generation of
secondary particles in the troposphere.68

Our results showing a good agreement between OPOH and
OPAA (and to a lesser extent with OPDTT) conrms the feasibility
of using assays that evaluates ROS, albeit indirect (such as AA
and DTT), as a good proxy to evaluate the ROS production due to
PM exposure.
3.3 Toxicity of PM10 sources: intrinsic OP

The intrinsic OP (OPm) denotes the ability of each PM source to
induce oxidative stress, as estimated by the b coefficients ob-
tained from the MLR model. Briey, higher intrinsic OP values
imply a possibly higher capability of the source to induce
oxidative stress. Different OP assays capture different redox
reactions involved in the production of different ROS species.
Table 1 shows the average and standard deviation of intrinsic
OP obtained from the bootstrapped WLS model. OP intrinsic
values for all PM10 sources ranged from −0.18 ± 0.14 to 0.44 ±

0.17 nmol min−1 mg−1 for OPDTT, −0.04 ± 0.06 to 0.44 ± 0.33
nmol min−1 mg−1 for OPAA, −0.05 ± 0.25 to 1.15 ± 0.68
nmol min−1 mg−1 for OPDCFH, 0.14 ± 1.11 to 22.12 ± 12.9
© 2023 The Author(s). Published by the Royal Society of Chemistry
nmol min−1 mg−1 for OPOH and −7.15 ± 12.3 to 71.9 ± 73.5
pmol H2O2 eq mg−1 for OPFOX (Table 1 and Fig. S4†). The
differences in the average values are related to measurement
units; while AA, DTT, and DCFH assays measure the oxidation
of biological antioxidants or surrogates/probes by different ROS
species, cOH is related to the generation of hydroxyl radicals
(cOH) and FOX to the equivalent amount of hydroperoxides in
general (including H2O2).

Positive intrinsic OP values were observed for most PM
sources resolved by the PMFmodel (Table 1). However, it can be
noted that intrinsic OP values varied from one assay to another.
For example, slightly negative mean values were observed for
the industrial source for the DTT assay. However, this source
presents the highest values for the four other OP assays.
Furthermore, biomass burning (BB) and primary traffic also
presented high intrinsic OP values for three of ve assays (OPAA,
OPDCFH, and OPFOX for BB and OPAA, OPOH, and OPFOX for
traffic). These results show that anthropogenic sources such as
industrial, BB, and traffic dominate OP activity at this urban
site. Furthermore, these results are linked with the chemical
composition of sources, all associated with high loadings of
metals (As, Cu, Fe, Mn, Mo, Ni, Sb, and Sn) and organic
compounds (EC, OC, sugars, and organic acids).38

Conversely, some differences are observed. MSA-rich and
mineral dust were among the sources with the highest intrinsic
OPDTT, but they did not show any substantial contribution to
other assays. In addition, some OP tests show a contribution to
natural sources such as primary biogenic (OPDTT and OPDCFH)
and secondary biogenic oxidation (OPOH). Even if the PMF
Environ. Sci.: Atmos., 2023, 3, 1497–1512 | 1503
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Table 1 Mean and standard deviation of the regression coefficient (i.e., intrinsic OP of the 500 bootstraps) obtained from the MLR (WLS) for the
PM10 sources in nmolmin−1 mg−1 (and pmol H2O2 eq. mg

−1 for OPFOX) and constant in nmolmin−1 m−3 (pmolmin−1 m−3 for OPFOX) from theMLR.
Bold values represent the sources with the highest intrinsic activity for eachOP assay. Boxplots for each source andOP assay are shown in Fig. S4

source OPDTT OPAA OPDCFH OPOH OPFOX

Aged sea salt 0.038 � 0.070 −0.003 � 0.02 −0.016 � 0.079 0.729 � 0.637 −9.93 � 12.6
Biomass burning 0.19 � 0.066 0.14 � 0.028 0.090 � 0.059 2.37 � 0.743 21.9 � 8.35
Industrial −0.010 � 0.51 0.44 � 0.33 1.1 � 0.68 22.1 � 12.9 71.9 � 73.5
MSA-rich 0.43 � 0.17 −0.021 � 0.038 0.096�0.17 0.138 � 1.11 −5.96 � 16.0
Mineral dust 0.15 � 0.074 −0.033 � 0.027 0.025 � 0.12 1.06 � 0.738 14.4 � 12.3
Nitrate-rich 0.009 � 0.05 0.025 � 0.015 0.036 � 0.068 1.22 � 0.367 −7.14 � 12.3
Primary biogenic 0.32 � 0.11 −0.041 � 0.065 0.11�0.21 0.884 � 1.12 7.51 � 24.8
Primary traffic 0.17 � 0.071 0.22�0.034 −0.001 � 0.07 2.88 � 0.844 23.7 � 14.2
Sea/road salt −0.18 � 0.14 0.11 � 0.10 −0.046 � 0.25 2.00 � 1.59 21.5 � 23.2
Secondary biogenic oxidation 0.022 � 0.057 0.042 � 0.018 −0.024 � 0.11 3.48 � 0.69 7.66 � 8.07
Sulfate-rich −0.053 � 0.054 0.057 � 0.015 0.061 � 0.074 0.627 � 0.572 −0.195 � 7.97
Const −0.084 0.13 0.019 4.38 49.3
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sources do not show a proper biogenic prole and some impact
from resuspension dust can be noted (Fig. S1†), our results
suggest that those OP tests could be reactive in the presence of
biogenic sources, as previously shown in the contribution of PM
concentration during warm months.69

Previous studies have shown that DTT, AA, and DCFH tests
are sensitive to the presence of metals,43 DTT being also
responsive to organic compounds, such as quinones, HULIS,
and polycyclic aromatic hydrocarbons (PAH).9,70,71 Thus, the
DTT assay is generally considered a wide-spectrum multi-
pollutant assay, making it the most common OP test discussed
in the literature.39

Furthermore, FOX presents a similar sensitivity to AA; both
assays share the same dominant sources regarding intrinsic OP.
On the contrary, OPOH presents a dissimilar behaviour, showing
its reactivity towards the presence of metals and secondary
oxidation products, such as 3-MBTCA and phthalic acid. These
differences observed between the intrinsic coefficients exhibit
the sensitivities associated with each OP assay, which depends
on the chemical composition of each PM10 source (Fig. S1†).
3.4 Seasonal exposure to PM10

Identifying emissions sources that contribute to OP could be
substantial for developing targeted air quality control strategies
aiming to protect human health. In this section, we evaluate the
relative contributions of the PM sources to the total OPv,
weighted by their different intrinsic OP values. In addition, we
assessed the seasonal contributions of the sources in terms of
PM mass and OP. Fig. 3 presents the average daily contribution
of PM10 sources based on each OP test separated into cold and
warm periods. Generally, the seasonality of OP exposure follows
the one associated with the concentrations of the sources
(Fig. 1), with some differences between the OP tests.

During cold months, a reasonable consensus is observed
between the different OP assays. Biomass burning is the source
that contributes the most to the OP measured by the ve assays.
This is followed by primary traffic in the case of OPAA, OPDTT,
and OPFOX and by the industrial source in OPDCFH and OPOH.
The sulfate-rich and nitrate-rich sources, although high
1504 | Environ. Sci.: Atmos., 2023, 3, 1497–1512
contributors to PM mass concentrations, showed much lower
contributions in terms of OP, except for OPDCFH, and even for
some tests, they present a negative contribution (OPDTT and
OPFOX). This suggests that even if they largely contribute to the
PM mass in winter, the sources of secondary inorganic aerosols
do not have a high impact on the OP observed.

The results obtained for the OP exposure during warm
months presented more heterogeneous proles. There is no
clear picture of a common source as observed in winter;
however, primary traffic is highly ranked for the OPAA, OPFOX,
and OPOH assays. For these three assays, the secondary biogenic
oxidation source also depicts a high impact, mainly for the
OPOH and the OPAA tests.

These results show the signicance of considering the
seasonal variability of PM sources that drive the OP of PM.
Although overall, the analysis of the combined annual data is
similar to the winter season. This can be explained by the fact
that extreme PM concentrations occur in winter and drive the
annual average values of OP, as well as by the high intrinsic OP
values for winter sources (such as biomass burning). Further-
more, our ndings underline that the most dominant OP
sources in summer are not only those related to anthropogenic
activities (biomass burning, primary traffic, industrial) but also
the ones related to natural emissions (dominated by primary
biogenic and secondary biogenic oxidation and followed by
mineral dust and MSA-rich sources). Finally, these results
highlight the sensitivities of each OP assay to specic sources
and the underlying mechanisms associated with each assay,
implying that some OP tests could be more appropriate in sites
where their sensitivities are suitable.
3.5 Highlights on OPOH and OPFOX

Our work integrates the results from two less commonly
explored OP assays. The integration of these tests allows for
a comprehensive view of the different oxidative mechanisms
and to assess the differences and commonalities in terms of OP
sensitivities to different PM sources.

To evaluate the interactions between PM10 sources and to
capture the non-linear atmospheric dynamics causing potential
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Average daily contribution of PM10 sources based on five OPv assays in Grenoble, France. Top: source-specific OP exposition during cold
months, Bottom: source-specific OP exposition during warm months in nmol of each oxidant min−1 m−3 (and in pmol min−1 m−3 for OPFOX).
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synergistic or antagonistic effects on the OP activity, the multi-
layer perceptron (MLP) neural network was applied besides the
MLR model. Detailed information about this method was dis-
cussed in a previous paper.36 Briey, MLP produces a predictive
output model for one or more variables (OPv) based on the
interconnection layers of articial neurons obtained from the
values of the input variables (source contributions of PM10). In
this study, theMLPmodel was applied to the new OP assays, cOH
and FOX, limited to one hidden layer as implemented in the
study of Borlaza et al.36 for DTT, AA and DCFH.

Fig. S6† shows the results obtained from the two models,
MLR and MLP, relative to the OP observations. The OPFOX

presents a higher Pearson correlation for the MLP model;
however, OPOH shows better coefficients between observations
© 2023 The Author(s). Published by the Royal Society of Chemistry
and modelled OP using the MLR method. The OPFOX results
align with those previously observed for OPAA, OPDTT, and
OPDCFH,38 with the MLP model generally performing slightly
better than the MLR one.

To visualise such possible non-linear behaviour, the MLP
models obtained were applied to the mass contributions of each
source (in mg m−3, from the PMF results). Aer that, the original
modelled OP (MLP) (containing all source contributions) was
compared to the sum of source-specicmodelled OP activity. Our
comparison shows a high Pearson correlation between MLP and
MLP_sum modelled OP for both tests, FOX and cOH (Fig. S7†).
These results could indicate weaker synergistic/antagonistic
effects between sources both for cOH and FOX measured OP,
contrarily to what was observed for other OP assays (DTT, DCFH
Environ. Sci.: Atmos., 2023, 3, 1497–1512 | 1505
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and AA).38 Our ndings show a discrepancy from those obtained
in a previous laboratory model, where OPOH displayed additional
synergistic or antagonistic effects in the metal–organics inter-
actions applied.72 Thus, even if our results present low
synergistic/antagonistic effects for FOX and cOH assays, their
application to other PM samples with dissimilar chemical
content and concentrations could provide a different insight, so
the translation of our results to other studies needs caution.
3.6 Evaluation of OP tests variability

To assess the collinearity between OP assays, a dimension
reduction technique such as principal components analysis
(PCA) was also applied to see the correlations between the OPm
of each assay. The results from the PCA showed complementary
information about the joint variability of the OP assays.
Therefore, those tests presenting an analogous sensitivity to PM
chemical composition will depict a similar covariance, and they
will be then associated with a specic PC or dimension. Fig. 4
shows the square cosine (cos2, depicting the quality of the
representation by a component for a given variable) of all OPv
assays with PC1 (i.e., Dim.1) and PC2 (i.e., Dim.2), which
explains the highest variability of the data set (Fig. S8†). All the
OP assays were positively and highly represented by the prin-
cipal components (arrows near the circumference of the corre-
lation circle equal to 1). A similar variability is observed between
OPDTT and OPOH, between OPDCFH and OPAA, and to a lesser
extent with OPFOX. These results suggest similar sensitivities of
OPDTT and OPOH, which could be related to the sensitivity
towards organic species, especially highly oxidised organics, as
shown in the literature.9,73,74 Moreover, the similar variability
Fig. 4 Principal component analysis (PCA) using OPm observations. Princ
on the x and y axes, respectively. The distance of the arrow between the
the variables on the PC. Colours represent the contribution of each vari
represents the cos2 correlation circle equal to 1.

1506 | Environ. Sci.: Atmos., 2023, 3, 1497–1512
observed between OPAA, OPDCFH and OPFOX could represent
their higher sensitivity towards metal-rich species. However,
OPFOX also presents a higher sensitivity towards peroxides
species,57 which could explain the lower representation in PC1
and PC2 and their presence in PC3 (counting for about 14% of
the variability, Fig. S8†). Even if these results could seem to
oppose the ones discussed in Section 3.2, the correlation ob-
tained between OP assays and PCA dimensions agrees quite well
with those observed from spearman correlations (Fig. S9†).

The reduced contribution of PC1 and PC2 (71%) explaining
the total variability of OP measurements suggests that other
atmospheric, chemical or biological processes could be
responsible for modulating the OP observed. Finally, our PCA
result suggests that for those sampling sites with PM chemistry
showing high metal compositions, AA and DCFH tests seem to
be the more appropriate to use, while for peroxide-rich PM, FOX
is the more suitable test, and nally, for organics and highly
oxidised organics, DTT and cOH can better address the ROS-
formation mechanisms.
3.7 Normalised sensitivity of OP assays to PM sources

To closer evaluate the sensitivities of each OP assay towards
specic PM10 sources, we assessed the normalised sensitivity of
each OP. For that, and in order to avoid the differences in the
units, the mass contribution of PM10 sources to each OP was
normalised to the total relative PM10 mass associated with each
source provided by the PMF solution ((Average OPvi sourcex/
SOPv sourcex × 100)/sourcex mass).

Fig. 5 shows the PM normalised relative mass contribution
of each PM source to each OP assay. It can be noted that OP
ipal component 1 (Dim1) and principal component 2 (Dim2) are plotted
variables and the origin measures the quality and representativeness of
able to the total variability of the PC1 and PC2, and the circumference

© 2023 The Author(s). Published by the Royal Society of Chemistry
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activity presents a different sensitivity to the PM sources. For
example, OPAA shows a high response to biomass burning and
sulfate-rich, followed by primary traffic and nitrate-rich sources.
In addition, it shows a negative contribution to mineral dust,
aged sea salt, MSA-rich, and primary biogenic sources. Even if
there are differences in the response of the AA test by the
sources obtained, it indicates an impact from those sources
with a high loading of trace metals as well as secondary inor-
ganic processing aerosols.

In the case of OPDTT, it shows a high positive sensitivity
mainly towards mineral dust and MSA-rich, followed by
biomass burning, primary biogenic, and aged sea salt sources.
On the other hand, opposite to AA, the DTT test presents a low
or negative response to secondary inorganic aerosols. None-
theless, as previous studies already discussed, our results
conrm the DTT sensitive response toward sources with the
presence of trace metals and organic compounds.9,43,51,71

For OPDCFH, the sensitivity shows a higher positive impact
on the contributions from the nitrate-rich and sulfate-rich
sources, commonly associated with secondary anthropogenic
Fig. 5 OP sensitivity contribution of each PM source. (A) Relative norma
OP to the PM10 mass of the source. Colours represent each OP test eva

© 2023 The Author(s). Published by the Royal Society of Chemistry
emissions. On the contrary, OPFOX displays a higher response
towards biomass burning, mineral dust, and primary traffic
sources. However, this test presents an insignicant or nega-
tive sensitivity towards aged sea salt, nitrate-rich, and sulfate-
rich, showing a lower response to processed (aged) PM
sources.

OPOH activity shows sensitivity to all the sources of PM
observed. The higher impacts are related to aged sea salt,
nitrate-rich, secondary biogenic oxidation, and sulfate-rich,
followed by primary sources such as biomass burning, traffic,
and mineral dust.

Our results show that even if the sensitivity of the different
OP tests depends on the chemical composition of the PM
sources, the OP exposure can also be controlled by the sea-
sonality and, in some cases, by the mass concentration of
aerosol sources, as shown in Fig. 2.

Furthermore, our results strengthened the idea that the OP
observations and the assignment of its source-specic contri-
butions depend on the assay used, which will consequently have
implications in the decision of future mitigation actions.
lised contribution of OP assays to the PM10 sources and (B) normalised
luated.
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Therefore, a panel of assays are recommended to evaluate the
diversity of site typologies, and at least two complementary
assays are necessary to provide useful insight from a wide range
of redox-active species and to weigh the harmful sources. Our
results, obtained in this urban alpine site in France, may vary in
other regions under the presence of contrasting emission
sources and different size fractions. Hence, the selection of the
complementary OP tests to be applied in a given place will
strongly depend on knowing beforehand the geochemistry of
sources, concentrations and chemical composition of particles
evaluated.
3.8 Limitations of the study

Our study assesses 5 different acellular OP assays, together with
the seasonal tendencies of emission sources of PM10 and their
chemical dependencies associated with each OP assay. Part of
our results revisited some of the OP values obtained in the
previous work of Borlaza et al.36 and were gathered with new OP
analysis for the same time series. This has some limitations
since part of the analysis were performed at different time. Even
though the samples were kept refrigerated under controlled
conditions before analysis, an inherent ageing process may
have affected OP absolute values over time. However, it should
not have affected the variability (considering homogenous
ageing) of the time series, which is of importance when looking
at associations. Nevertheless, the stability of lters (and OP)
over time need to be evaluated in the future to estimate and
quantify the ageing losses.

Our results investigate the link between OP and sources for
the PM10 fraction but would result in certain differences (in
terms of the absolute value of OP and the contribution of each
source) for the PM2.5 fraction since the size range affects the
source contributions. When assessing the link between OP and
PM, which is the subject of this study, PM10, for including all
the particles <10 mm (i.e. it integrates the PM2.5), has the main
advantage of identifying more PM sources than is commonly
resolved by PM2.5 source apportionment (break-wear, road wear,
biogenic emissions.). PM10 vs. PM2.5 are more inuenced by
mechanically generated particles that affect OP, such as brake
wear and mineral dust.75 Moreover, sources of PM are a mixture
of particles with varying sizes, forming a size distribution
spread across different orders. Consequently, the “coarse frac-
tion” of PM10 can be misleading as it might suggest that these
particles are relatively harmless to health when it contains
particles small enough to have health implications.76 In the last
years, epidemiological studies evidenced that PM2.5 accounted
for a stronger association with the adverse effects of PM.
However, the association of short-termmortality upon exposure
to both PM10 and PM2.5 does not demonstrate a threshold
effect.77 Moreover, recent epidemiological studies revisited the
link between PM10 and cardiovascular diseases, with consistent
associations for both PM2.5 and PM10.78 Nevertheless, it must be
acknowledged that PM10 has historically been the most widely
reported measure of particulate matter in aerosol science and
continues to be a relevant indicator for many epidemiological
studies. Thus, using PM10 and OP of PM10 in epidemiological
1508 | Environ. Sci.: Atmos., 2023, 3, 1497–1512
studies may lower the strength of the association compared to
PM2.5 but may also allow a better source identication, which
can further be used to investigate the sources that most
contribute to the adverse effects of PM10.

4. Conclusions

In this study, we evaluated ve different OP assays together with
a comprehensive chemistry associated with PM10 sources in an
urban alpine valley in France. A large change in the prole of
PM10 sources was observed when considering the seasonality,
with major contributors in winter related to biomass burning,
primary traffic, and secondary inorganic aerosols formed
during long-range transport. On the other hand, in warm
months, the main PM mass contributors are mostly secondary
organic and inorganic oxidation products, as well as traffic and
mineral road dust, with traffic presenting a relatively homoge-
neous contribution throughout the year. These differences also
implied an effect on the OP activity of PM associated with each
OP assay. A good agreement was found with anthropogenic
sources leading the OP exposure (mainly biomass burning and
primary traffic) for all the OP assays assessed during winter.
However, this trend changes during warm months, with
a reduction of the share of anthropogenic emissions and
a higher impact from biogenic and secondary organic-related
aerosols.

The OP encompasses the relevant redox reactions induced by
main PM sources that may lead to oxidative stress, acting as
a good indicator for understanding the link between PM
composition and health exposure, and this is beyond what the
aerosol mass can provide. Our ndings showed good correla-
tion coefficients between the direct OPcOH assay and the widely
used indirect OPAA and OPDTT assays. This supports the feasi-
bility of using indirect OP assays to assess ROS production by
PM in biological media.

In addition, our results imply that the choice of a given OP
methodology affects the resulting PM source exposure ranking.
We recommend combining at least two acellular assays like
DTT or OH with AA, DCFH, or FOX in order to capture a wider
sensitivity to redox active species presented in PM sources.
However, the selection of different OP assays must be rationally
evaluated and will rely on previous knowledge about the
chemical composition and concentration of PM. Such a strategy
is essential since this affects the message to be delivered about
the targeted sources for future mitigation policies.

In the last years, they are some studies supporting the
growing body of evidence about the signicance of OP of PM as
a valuable health-based exposure metric. However, it is impor-
tant to note that the epidemiological evidence in this eld of
research remains limited due to its relatively recent emergence.
The application of OP in health studies has only become
feasible in the past decade, thanks to the development of less
time-consuming OP methodologies. Therefore, further epide-
miological studies assessing the relevance of OP for health
outcomes are still needed. Future studies must be conducted
using standardized OP protocols to determine the capacity of
OP to serve as an additional health predictor beyond PM mass.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Therefore, the ongoing development and evaluation of diverse
OP assays with broader sensitivities to redox-active substances
should persist. This research will allow exploring the relation-
ship between OP and health outcomes, identifying the strongest
predictor of health effects, and providing a comprehensive
understanding of the toxicity associated with different sources
of PM.
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P. Dominutti, et al., Discovering oxidative potential (OP)
drivers of atmospheric PM10, PM2.5, and PM1
simultaneously in North-Eastern Spain, Sci. Total Environ.,
2022, 857, 159386. Available from: https://
linkinghub.elsevier.com/retrieve/pii/S0048969722064853.

63 S. J. Campbell, K. Wolfer, B. Utinger, J. Westwood,
Z. H. Zhang, N. Bukowiecki, et al., Atmospheric conditions
and composition that inuence PM2.5 oxidative potential
in Beijing, China, Atmos. Chem. Phys., 2021, 21(7), 5549–
5573.

64 V. Verma, T. Fang, H. Guo, L. King, J. T. Bates, R. E. Peltier,
et al., Reactive oxygen species associated with water-soluble
PM2.5 in the southeastern United States: spatiotemporal
trends and source apportionment, Atmos. Chem. Phys.,
2014, 14(23), 12915–12930.

65 S. J. Campbell, K. Wolfer, B. Utinger, J. Westwood,
Z. H. Zhang, N. Bukowiecki, et al., Atmospheric conditions
and composition that inuence PM& lt;sub& gt;2.5& lt;/
sub& gt; oxidative potential in Beijing, China, Atmos. Chem.
Phys., 2021, 21(7), 5549–5573. Available from: https://
acp.copernicus.org/articles/21/5549/2021/.

66 N. Cheng, Z. Chen, F. Sun, R. Sun, X. Dong, X. Xie, et al.,
Ground ozone concentrations over Beijing from 2004 to
2015: Variation patterns, indicative precursors and effects
of emission-reduction, Environ. Pollut., 2018, 237, 262–274.

67 Y. Yang, Y. Wang, W. Huang, D. Yao, S. Zhao, Y. Wang, et al.,
Parameterized atmospheric oxidation capacity and
speciated OH reactivity over a suburban site in the North
China Plain: A comparative study between summer and
winter, Sci. Total Environ., 2021, 773, 145264. Available
from: https://linkinghub.elsevier.com/retrieve/pii/
S0048969721003302.

68 T. Feng, S. Zhao, N. Bei, J. Wu, S. Liu, X. Li, et al., Secondary
organic aerosol enhanced by increasing atmospheric
oxidizing capacity in Beijing–Tianjin–Hebei (BTH), China,
Atmos. Chem. Phys., 2019, 19(11), 7429–7443. Available
from: https://acp.copernicus.org/articles/19/7429/2019/.

69 A. Samake, G. Uzu, J. M. F. Martins, A. Calas, E. Vince,
S. Parat, et al., The unexpected role of bioaerosols in the
Oxidative Potential of PM, Sci. Rep., 2017, 7(1), 10978, DOI:
1512 | Environ. Sci.: Atmos., 2023, 3, 1497–1512
10.1016/j.freeradbiomed.2017.06.019, http://
www.nature.com/articles/s41598-017-11178-0.
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