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900 Abstract

Oxidative potential (OP) of atmospheric particulate matter (PM) is a metric of increasing scientific interest
because it potentially links chemical particle properties to particle health effects. OP has been recently
introduced as a recommended monitoring metric in the European Air Quality Directive. However, inconsistent
protocols in the existing literature make it difficult to compare results across studies. Following a 2023 inter-

95  laboratory comparison that focused on PM OP measured using the dithiothreitol (DTT) assay, this paper
presents the findings and lessons learnt from a second inter-laboratory study focused on the ascorbic acid assay
(OP-AA). In this study, twenty-six laboratories worldwide quantified OP of four PM filter samples and of one
chemical compound to evaluate the entire analytical chain, including the extraction step, using a simplified OP-

AA protocol. While most laboratories produced repeatable internal results when applying the simplified

100 protocol, significant discrepancies between participants highlight the need for each laboratory to carefully
evaluate deviations from the simplified OP-AA protocol. Over half of the 26 participants achieved satisfactory

results, suggesting that the protocol is suitable for large-scale implementation. Beyond assessing performance,

this work investigates technical, analytical, and mathematical refinements to measurement protocols. Building

on the first DTT assay study, this second inter-laboratory comparison represents a significant step toward

105  harmonizing OP assays, and provides specific recommendations to ensure consistent future measurements,

ready to be applied in the new air quality directive EU 2024/2881.
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1. Introduction

The deleterious effects of atmospheric particulate matter (PM) exposure on human health are well-established,
even at low PM concentrations (Health Effects Institute, 2020). Mechanistically, the capacity of inhaled PM to
110 promote damaging oxidation reactions, altering cellular redox balance and causing potential oxidative stress has
been proposed to link the acute hazard of PM to the observed health effects reported in the epidemiological
literature (Mudway et al., 2020). Recent studies have emphasized the plausibility of this pathway at very low
biologically relevant PM mass concentrations (Boogaard et al., 2024). The oxidative potential (OP) of PM was
precisely developed to characterize the ‘intrinsic’ capacity of varying PM constituents to drive damaging
115  oxidation reactions in the lungs. Over the past decade, OP has been increasingly studied as a toxicologically
informative parameter for improving the causal understanding of the link between PM exposure and
downstream health effects (He and Zhang, 2023; Liu and Schauer, 2026). At the interface between biology,
chemistry and toxicology, OP aims to provide a quantifiable measure of the magnitude of oxidative stress,
occurring due to PM-associated pro-oxidants, via reactive oxygen or nitrogen species (ROS or RNS,

120 respectively).

In-vitro and in-vive tests have been developed for this purpose, with acellular assays being more widely used over
cellular assays, because they are less time-consuming, cheapet, simpler and suitable for automation (Ayres et
al., 2008; Gupta et al., 2020). Acellular tests with PM aim at simulating physiological reactions in the lungs, and
therefore rely on the measurement of PM’s ability to either deplete antioxidants (indirect OP, Cho et al., 2005;

125  Mudway et al., 2004) or to carry or produce oxidants (direct OP, Gao et al., 2020; He & Zhang, 2023; Hellack
etal,, 2014). Direct OP is commonly assessed either by electron patamagnetic resonance (EPR/ESR) with spin
trapping for short-lived radical species (Hellack et al., 2014; Shi et al., 2003), or measuring fluorescent adducts
such as the 2,7-dichlorofluorescin (OP-DCFH) (Xu et al., 2024), or the hydroxyterephtalic acid (OP-OH) (Shen
et al., 2022). Indirect OP measurements most commonly rely on the depletion of an antioxidant, such as

130 ascorbic acid (OP-AA) (Fang et al., 20106; Visentin et al., 2016), or thiol-based probes, such as glutathione (OP-
GSH) (Ayres et al., 2008) and dithiothreitol (OP-DTT) (Cho et al., 2005; Li et al., 2009). Critically, this means
that these assays do not capture the additional PM-associated oxidative burden atising from xenobiotic
metabolism, or the induction of downstream inflammatory responses, driven by PM constituents that have no
intrinsic oxidative potential, such as polycyclic aromatic hydrocarbons and bacterial cell wall components.

135  Therefore, it has been proposed that PM has both ‘intrinsic’ and ‘Tlatent’ OP, with the acellular assays informing
the former but not the latter (Kelly et al., 2011a, b).

Based on the assumption that PM associated pro-oxidants and radicals are important hazard and health
determinants, the most oxidizing sources of PM have been investigated in different environments (Hopke et
al., 2020; Tassel et al., 2025). Further, an increasing number of epidemiological studies has examined the
140 relevance of this indicator for predicting the effects on various short- and long-term health outcomes (Borlaza-
Lacoste et al.,, 2024; Weichenthal et al., 2016). Finally, mechanistic studies have begun to evaluate the
associations between intrinsic OP and downstream biological parameters linked to inflammation or cellular
metabolism (Darras-Hostens et al., 2022; Guascito et al., 2023; Janssen et al., 2015; Marsal et al., 2024). Given

the growing evidence on OP’s relevance for hazard ranking and, as an alternative PM metric for assessing health
4
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145 effects, the recent European air quality regulation recommended monitoring OP at the newly established air
quality supersites (Article 10, Annex VII, Directive 2024/2881/CE). A common challenge across these
different research fields and in implementing the directive is the lack of standardized OP measurement
protocols. Significant differences exist in the current literature at every stage of analysis, from liquid-phase
extraction of the PM filter samples to the composition of the solution in which a given probe (the target

150  antioxidant ot reactive oxygen species (ROS)-sensitive probe used in the assay) is prepated. The mathematical
determination of OP also differs, with some groups relying on a calibration curve (Gao et al., 2017; Kramer et
al., 20106), and others calculating it with respect to the initial probe concentration (Calas et al., 2018; Fang et al.,
2016). While all studies use a metric called OP, the absence of harmonized protocols for measuring this
indicator impedes direct comparisons between studies, weakening the conclusions that can be drawn from

155  pooled studies (Liu and Schauer, 2026).

In 2023, the RI-URBANS European project conducted the first large scale study for the OP-DTT assay
(Dominutti et al., 2025). This initial inter-laboratory comparison (ILC) revealed that, although some
discrepancies persisted across samples within each laboratory, nine out of eighteen global participants produced
results in close accordance with the expert-defined values. The study identified participant training and the
160 specific type of spectrophotometer used (cuvette-based, plate reader or liquid waveguide capillary cell) as the
primary sources of variation. As a foundational step toward protocol standardisation, the study offered several
recommendations for future research. The most significant recommendation was to evaluate the whole
analytical process, by including the liquid phase extraction of PM filters rather than providing an identical
aqueous extract to all participants. This approach evaluates the critical extraction stage while minimizing the
165  effects of extract aging. Furthermore, Dominutti et al. (2025) recommended using a common chemical
reference material to facilitate future evaluations. Finally, as no single probe has been established as the most

toxicologically- or health-informative, the authors called for the harmonization of protocols beyond DTT.

Like the OP-DTT assay, the OP-AA assay indirectly measures OP and is sensitive to several ROS and transition
metals (Fang et al., 2016; Maikawa et al., 20106). Its relative simplicity and reliance on direct absorbance-based
170 kinetic monitoring have led to its widespread adoption within the scientific community (Bates et al., 2019; He
and Zhang, 2023; Liu and Schauer, 2026). However, studies using this assay have reported contrasting and
inconsistent results regarding health outcomes compared to those using OP-DTT (Liu and Schauer, 2020).
Significant variability in experimental protocols may partly explain these inconclusive findings and highlights

the urgent need for harmonized protocols.

175 As part of a joint effort between ACTRIS-EU and RI-URBANS, this ILC study introduces a proposition for a
harmonized OP-AA standard operating procedure. The ILC evaluates the capacity of the scientific OP
community to implement the protocol and identifies the key parameters that must be strictly controlled to
improve reproducibility and comparability. By assessing both intra- and inter-laboratory variability, using a
common protocol on identical samples, this work provides valuable insights for the global standardization of

180 OP measurements.
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2. Strategy and methodology

2.1. Inter-laboratory comparison organization

From December 6t 2024 to January 17t 2025, a call for participation was shared via email with the members
185  of the ACTRIS NF Forum, ACTRIS Community, RI-URBANS task members, and participants to the OP-
DTT ILC by the Institute of Environmental Geosciences (IGE, CNRS/University Grenoble Alpes/IRD,
France, organizer of the present ILC). The call outlined the primary goal of the exercise, i.e. comparing OP-
AA results from a simplified protocol applied by each group. A secondary objective was proposed to compare
results from the simplified protocol with the “home” protocols of each participant. Finally, participants could
190 optionally perform the RI-URBANS’ OP-DTT SOP (Standardized Operation Procedure) (Dominutti et al.,
2025) on identical samples. Each interested group had the opportunity to provide information regarding: (i)
their available laboratory conditions, in order to tailor the protocol as closely as possible to the available
technical capacities of each group; (ii) when applicable, their “home” OP-AA protocol details, in order to test

the different parameters prior to defining the simplified protocol.

195 2.2. OP-AA SOP

OP-AA assay relies on the kinetic measurement of the depletion (oxidation) rate of AA by the sample to be
tested (following its absorbance at 265 nm) when a solution containing AA is reacting with a PM extract, or a
reference solution. The reaction can take place in a cuvette or a 96-well plate, containing a known volume of
sample, with measurements being made at regular intervals from “time zero”, i.e. when the AA solution is
200  introduced in the PM extract solution. The slope of the AA depletion over time is then used to determine OP-
AA, with varying calculation approaches being reported, such as calibration-curve or concentration-based
approaches (Souza et al., 2025). The literature and the ILC participants reported technical differences at various
stages of this general analytical protocol. The three following aspects wete tested since they were considered
the most important by the participants: (i) the choice of the combination of extraction fluid for the PM sample
205  and solvent for AA solution, (i) the impact of AA to PM concentrations tatios ([AA]/[PM]) in the reaction
medium, (iii) the impact of the filtration of the PM extract. A brief description of each test and the associated
results is provided in the supplement (Sect. 1 - Fig. §1-84). After comparing these different parameters, the
protocol was harmonized and simplified into a final “Simplified AA-Protocol” called hereafter the SOP. The
detailed protocols were adapted for cuvette-based spectrometers and for plate-readers. It was then updated for
210 publication to provide a harmonized version that includes participants feedbacks (Sect. 4 and 5 in the
Supplement). Briefly, the extraction was performed in a potassium phosphate buffer (K-PO4) solution at 37°C,
during 75 minutes. AA was prepared in ultra-pure water, and the PM extracts were not filtered prior to their
analysis. If possible, each filter sample had to be extracted three times, and each extraction had to be measured
in triplicate. For each analytical batch, a 6-point calibration curve had to be petformed by diluting an AA
215 solution (240 pM in water) with K-POy buffer to maintain pH 7.4 and minimize pH-dependent drifts in AA
absorbance. Triplicate analyses of the K-PO, buffer were also used as negative controls for AA background

oxidation in the extraction matrix.
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Participants were provided with an Excel spreadsheet to document the technical conditions used for both the
SOP and their “home” protocol, as well as the time and absorbance values for each sample. OP values were
220 then calculated based on the calibration curve using Eq. 1.

- d (At=Amar)=b
OPgope (nmol min = —VE(%) 0

Where 1 is the total solution volume (AA + extract), A, is the absorbance at each time point, A, is the
absorbance of the matrix (before introducing AA), and @ and 4 are the slope and the intercept of the calibration
curve, respectively. OPyy, was then corrected for background oxidation, subtracting the average OPs/gpe of the
225 negative controls, and divided by the mass of PM in the well (ug, OP,, in nmol min! ug'). OP can also be
expressed per unit of volume of air sampled (OP,, nmol min' m?3), by multiplying OP,, with the PM mass

concentration (ug m-3). OP,, was used for performance evaluation.

2.3. Samples and reagents
For OP of PM, punches (0.5 cm in diameter) of impacted or blank quartz fiber filters were provided to the

230 participants in labeled Petri dishes protected from light with aluminum foil (4 samples, named A, B, C, D).
Based on participants’ declaration regarding their instrument (i.e. plate-reader or cuvette-based spectrometer)
and the protocols they intended to follow (i.e. whether they were to apply their “home” protocols), the
organizer provided enough filter punches to be able to perform the declared number of extractions. Samples
A-D were from quartz fiber filters (Tissuquartz PALL QAT-UP 2500, 150 mm diameter) selected to cover a

235  wide range of OP-AA and to be representative of different environments. Namely, sample A was a 72-h
ambient PM filter collected on the roof of the organizet’s laboratory from 14t to 17t February 2025 (Digitel
DAS8O, 30 m3 h'), representing an urban background typology potentially influenced by biomass burning.
Sample B was a calcined filter (500°C for 8 h) placed in the close proximity of sample A during the entire
sampling period. It represents a field blank. Sample C was a 24 h filter sampled from 9% to 10t November 2024

240 in an urban-background site in Lyon, France, and sample D was a 24 h filter sampled from 4t to 5t September
2024, at a traffic site in Grenoble, France. Samples A, C, D were calcined prior to sampling. Both samples C
and D were sampled using a Digitel DA-80, and provided by Atmo-AURA, the local regional air quality
monitoring association. OP was also determined with a commercially available transition metal solution made
of copper sulfate (CuSO4, sample EF2). With the exception of the field blank (sample B) and sample EF2,

245  participants had not been informed of the samples’ characteristics.

Sample EF2 (CuSO4. 5H,O, CAS: 7758-99-8, Roth) and AA (CAS: 50-81-7, Roth) were provided in 15-mL
conical polypropylene black tubes (Heathrow Scientific), with each tube containing about 1 g of powder.
Finally, 3.13 g of KH,PO4 (CAS: 7778-77-0, Roth) and 13.41 g of KoHPO4 (CAS: 7758-11-4, Roth) were

provided in 50-mL transparent polypropylene tubes (Rotilabo®), to prepare the extracting solution.

250 2.4. Transport of samples

Samples and reagents were sent to the participants in polyfoam boxes with three ice-packs and a temperature
tracker (EL-CC-1-002, Lascar). The initial mean temperature among all shipments was -1.5°C. The packages
were sent on March 24, 2025, and reached the participants within an average of 2.4 = 2.5 days (from 0.8 to

7
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10.6 days). Participants had until May 16, 2025, to report their results. The temperature of the packages during
255 the transport did not exceed 20°C for more than five hours, with the exception of two cases that also had
longer transit times due to customs formalities (laboratories 8 and 13, respectively 9.8 days of transit and 3.0
days above 20°C and 10.6 days of transit and 3.8 days above 20°C). Analyses were performed within 1-45 days

after package reception, with 54% performed in less than 15 days.

2.5. Data evaluation
260  Participants reported for each sample data (i.e. three replicates from three extracts) from: (i) OP-AA SOP and

AA “home” protocols if available, in units of OP nmol min-! pg-!, nmol min"' m=3, and %-decay of AA, (ii) OP-
DTT SOP (ILC1), if applicable, and (iii) the temperature record during the shipment. However, the high
variability in the OP-DTT results hindered the evaluation of the OP-DTT SOP results, and the comparison of
both OP methodologies. The data evaluation - encompassing the assessment of sample homogeneity and
265  stability, and laboratory performance, and analysis of the variance (ANOVA) - was conducted by the European
Commission Joint Research Center (JRC), for an independent evaluation, in accordance with the ISO

13528:2022 requirements (investigated in Sect. 3.2).

The laboratory performance was assessed using z-scores which measured the laboratory bias compared to an
assigned value associated with its standard deviation. As ambient PM collected on filters was used as ILC
270 samples, and in the absence of a suitable certified reference material for atmospheric PM OP, the true values
of OP were not known. Among the available methods for determining the assigned value, the approach of the
consensus value from participants to this ILC was chosen. With this approach, the assigned value X for each
sample is the robust average calculated, using the Q/Hampel method, from all results reported by each
participant (ISO 13528:2015 (E) pat. C.5.4). The standard deviation for proficiency assessment was fixed at
275 20% of the assigned value. This value represents the maximum acceptable error in accordance with literature
estimations of uncertainties for OP-DTT analysis (Molina et al., 2020) and OP-AA variations (Fang et al., 2016).

For each participant and sample extract, the z-score was calculated following Eq. 2.

_ %=X
z-score = —— 2

Where x; is the average of the three replicates of a single extraction (i.e. three z-scores per filter sample and one

280  z-score for sample EF2), and X is the assigned value of the sample.
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3 | | i
average
EF2
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EF2

Figure 1. Detail of the analytical procedure and 3-score calenlation for filter samples (exemplified with sample A) and for the
solution sample EF2.

Additionally, a three-level nested analysis of variance (ANOVA) was performed to decompose the total
285  variance of OP, into three components: repeatability (the variability between the three replicates of the same
extract), extraction (the variability between the three extracts of the same sample produced within the same
laboratory), and the inter-laboratory variance (systematic differences between the laboratories). Only
laboratories that provided a complete set of replicates and extracts were included in the ANOVA. Finally, the
blank sample (sample B), was excluded from the z-score calculation and variance decomposition analysis due
290 to the absence of meaningful assigned value or standard deviation. This sample was instead considered

separately as a diagnostic sample to assess procedural variability near detection limits.

Finally, a sensitivity analysis was conducted on a subgroup of participants, determining their performances after

recalculating OP using a concentration-based approach (Eq. 3).

OPgope(nmol min™t) = =V

(44l (M) &)

Ao—Amat dt

295 Where I”is the solution volume, .44/ is the initial AA concentration (nmol 1), Ay is the absorbance values
for samples at time zero, A, is the absorbance of the matrix (before introducing AA), and A, is the absorbance
value measured at time t. The subgroup was defined based on the difference between the theoretical ([AA]w)
and the calibration-derived AA concentration at time zero in the negative controls ([AA]o). [AA]w was fixed at
133 uM from the protocol, and recalculated using the exact masses and volumes of AA used by each participant.

300  [AA]o was calculated using the absorbance read at time zero and using the calibration curve of the day, and was
then corrected for matrix absorbance. Participants were categorized based on a 10% range around [AA]w,
“outside of range” laboratories defined as those that calculated [AA]o with the calibration curve below 120 uM
ot above 146 uM (n=11).
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305 3. Results and discussion

3.1. Exercise description
A total of thirty groups expressed interest in taking part in the inter-laboratory exercise in the initial

questionnaire, out of which twenty-six finally reported results for the OP-AA SOP. Participants originated
mostly from the European region (eighteen) and from North America (two from the United States of America,
310 and three from Canada). The other groups were from Australia, China, and Hong Kong (Figure 2). Sixteen

participants used a plate-reader spectrometer, and ten used cuvette-based spectrometry.

Device
@ cuvette
Plate-reader

Figure 2. Global distribution of participants. Blue stars represent participants using cuvette-based spectrophotometers and red
stars the participants using plate-readers.

315 3.2. Filter homogeneity, stability, and conservation assessment
Each participant received punches from the PM filters. Consequently, it was essential to verify surface
homogeneity of filters sampled under the same conditions to evaluate possible impacts on OP values. The
assessment was conducted by the organizing laboratory and prior to the circulation of the samples by randomly
punching a dedicated filter sample in order to perform 18 different extractions, and running the organizet’s
320 “home” protocol with triplicate analysis for each extraction solution (Fig. S5 (A)). The homogeneity was
calculated as the estimate of the between-sample standard deviation, calculated using the analysis of variance,

according to ISO 13528:2022 (E) Annex B, par. B.3. Results indicated a homogeneity better than 4%.

The stability of the samples was assessed to evaluate possible impacts of temperature conditions over the
duration of the transportation. Prior to sample transportation, shipment conditions were simulated to estimate
325  the chemical stability of PM filters to be sent to participants. Punches of the same filter, sampled under similar
conditions to the PM filters used for the ILC were placed in two different Petri dishes. One dish was stored in
the fridge and the other was kept in a polyfoam box with ice packs. The organizer’s “home” protocol was then
performed at days 0, 3, 6, 10, and 15. Stability was then assessed using a paired t-test (with a 99% threshold),
comparing the mean difference between the OP-AA results on each day with the initial day. This experiment

330  showed no statistically significant difference in OP-AA levels across all the tested days as compared to the
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initial day with a 99% confidence level (Fig. S5 (B)). This finding underscores the stability of PM OP-AA under

these specific conditions and duration.

The storage stability of the samples throughout the ILC period was further evaluated by performing the OP-
AA SOP weekly for eight weeks (3 replicates per sample and per week). Again, this procedure was performed
335 on actual punches from the samples A to D, yielding coefficients of variation ranging from 3.6 to 6.5%, with a
maximum reached for sample A. This result demonstrated that the time elapsed between receiving the shipment
and conducting the analysis results in only negligible variations between the participating laboratories, as long
as the instructions of keeping the samples under refrigerated conditions are followed. Following the guidelines
outlined in ISO 13528:2022, the homogeneity, stability, and conservation of the samples were assessed. These
340  evaluations demonstrated that sample heterogeneities and aging had only a negligible impact on sample OP

values over the course of the ILC.

3.3. OP-AA SOP: sources of variance
All laboratories followed the OP-AA SOP. Each participant reported nine results per filter sample, and three

values for sample EF2. This was the case for all, except three laboratories: one was only able to perform one
345  extraction for samples C and D, one was not able to analyze sample D, and another laboratory had one missing
extract replicate for sample A. Sample B was only included in the investigation of the method’s sensitivity. All
laboratories were considered in the performance assessment and statistical analyses, even when some data were

missing.

As sample EF2 was a chemical solution, unaffected by sample extraction, it was used as a primary indicator for
350  laboratories’ repeatability. The relative standard deviation of the triplicate analyses across individual laboratories
ranged from 0.47 to 9.2% (mean of 3.5%) after the exclusion of a single extreme outlier (987%). This denotes
a very good repeatability for a sample subject to minimal procedural variability, primarily affected by solution
preparation. Table 1 reports the results of the overall variance decomposition into the repeatability, the
extraction, and the inter-laboratory variances. The repeatability for triplicate measurement was better than 5%
355 forall filter samples (A, C, D), which is consistent with the results of sample EF2. This shows that the variability
in the results is consistent when the analysis of an extract is repeated, even for samples of different natures
undergoing an extraction step. The extraction variance accounted for 7%, 8%, and 14% of the total variance
for samples A, D, and C, respectively. This indicates that the extraction step has a greater impact on results’
variability than the intra-laboratory analytical part of the protocol (repeatability), particularly in the case of
360  sample C. Therefore, sample C may be more sensitive to extraction operating parameters, such as temperature,
agitation rate, or the K-POy4 volume used for the extraction. This sensitivity could be caused by the extract
concentration of 10 ug mIL-1, that could be less reproducible than concentrations of 25 ug mI"! (performed for
samples A and D). Sample C could also have a chemical composition leading to this higher variability, with
species that would be less water-soluble or complexed by the phosphate buffer extracting solution. Finally, the
365  results showed that differences between the laboratories (inter-laboratory variance) accounted for the largest
share of the total variability, representing more than 80% of the overall variability. This demonstrates that the

key challenge for OP-AA harmonization remains the strict application of the analytical procedure itself. The
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most important factors influencing inter-laboratory variability may be linked to the AA consumption rate
calculation (related to the linear regression and repeatability) and to volumetric operations (e.g., pipetting steps).
370  These factors were reported to be the main drivers of uncertainty in OP-DTT measurements (Molina et al.,
2020). The provided OP-AA protocol was intended to minimize both aspects by: (i) using 6-11 points in the
linear regression, that gives the possibility to exclude outliers, and, (i) the general recommendation of using a
high-precision balance for volumetric operations linked to solution preparation. Some uncertainties could
remain in the volumetric operations linked to the reaction part of the protocol (i.e. extract and reagents pipetting
375  steps), that could be reduced by using automatic pipettes for sample handling and automatic injectors for

reagents handling.

Other parameters that can vary between participants and are known to influence OP reactions are linked to
laboratory conditions, including the use or not of a laminar flow hood, control of the lab temperature,
temperature stability during the reaction step, or lab workers experience. Finally, the organizer recommended
380  to purchase commercial HPLC-grade water in case of any doubt concerning water quality, to control for
vatiation in this parameter. Four participants chose this option, and they did not obtain significantly better z-
scores than the others. The other participants all reported water conductivity respecting ultra-pure requirements
(18.2 MQ cm). However, their total organic carbon values were either unknown or varied, which could also
lead to some variability, and to systematic error. Overall, the fact that the inter-laboratory variability strongly
385  exceeds both repeatability and extraction variances emphasizes that differences remain despite the use of a
common protocol. This highlights the need for each participant to carefully control their experimental

conditions.

Table 1. 1 ariance decomposition into repeatability variance, extraction variance, and between-laboratory variance.

390

395

400

Type of Sample A Sample C Sample D

variance Part of total variance Part of total variance Part of total variance
0% 1.64E-04 5% 1.64E-03 5% 1.03E-04 5%
02ext 2.40E-04 8% 4.33E-03 14% 1.41E-04 7%
0% 2.66E-03 87% 2.46E-02 80% 1.71E-03 88%

Note: 2. — repeatability variance or residual error (variability between the three replicates of the same extract); 0 - variability
between the three extracts produced per sample within the same laboratory; 1. - systematic differences between the different
laboratories. Only laboratories with all replicates and all extracts considered for variance decomposition: Sample A — exclusion of
labs 2, 3, 13, 16, 22; Sample C — exclusions of labs 13, 16 and 25; Sample D - exclusions 4, 5, 13, 16, 20 and 25.

3.4. OP-AA SOP: Comparison of the laboratory performances
3.4.1. General description
For samples A, C, D and EF2, the laboratory performances were evaluated as the deviation from the assigned

value, with an acceptable range of +/- 20% (Figure 3, assigned values of 0.1210, 0.4674, 0.1047, 78.49 nmol
min pg! for samples A, C, D, EF2, respectively). The results were considered satisfactory if -2 < z-score < 2;

in the warning zone when 2 < |z-score| < 3 and in the action zone if |z-score| = 3.

Z-scores for each extract of each sample are presented in the Supplement Material (Figures S7 to S9, and Table

S2). In addition, a median z-score (Figure 2) was calculated for each sample and each participant to provide an
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overall indicator of laboratory performance. In total, 14 laboratories (54%) have median z-scores for all 4
samples within the satisfactory interval. Two laboratories have mixed results falling both in the satisfactory and
warning zones. Another group of 10 laboratories have at least one sample with an action signal. No participant
had an action signal across all samples. However, one participant (laboratory 16) reported an issue with the

405  provided AA reagent, resulting in significant discrepancies from the assigned value for all filter samples.

Samples A and D exhibited the greatest variability, with z-scores ranging from -26 to 20 and from -19 to 27,
respectively. However, for both samples, a high number of laboratories obtained satisfactory results for all 3
extracts (n=12 and n=11 laboratories, respectively). Sample C showed slightly less variability, with 15
laboratories obtaining satisfactory results for all extracts, and z-scores ranging from -6 to 25. Finally, 18
410  laboratories obtained satisfactory z-scores for sample EF2, which also had the smallest range of z-scores (-2 to
7), consistent with the fewer technical difficulties presented by this sample. Overall, the distribution of results
does not show a pattern of systematic over- or underestimation for any of the samples considered. Some
participants followed clear patterns towards one direction for all samples, which suggests that specific
deviations from the protocol could systematically draw results in one direction. There are not enough
415  participants in this category to identify these deviations, but water quality or lab, extraction or reaction
temperature could be sources of systematic errors. Participants with an action signal and with such patterns
across samples should carefully examine their practices to try to identify the deviations from the protocol that
could have led to these results. In particular, considering that sample EF2 is not affected by the extraction step,
participants falling outside the satisfactory zone for this sample should carefully examine the other aspects of

420  their manipulation such as volumetric operation, temperature, water quality, and calibration.
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Figure 3. Evaluation of participants’ performance in the inter-laboratory comparison, with representation of median z-score per
sample. Results were cropped at || < 5, and stars represent bars that exceed this value. Assigned values were 0.1210, 0.4674,
0.1047, 78.49 nmol min' ug’ for samples A, C, D, EF2, respectively.

425  The z-score categories (i.e. satisfactory, warning signal and action signal) of the participants were compared
between those who took patt in the previous OP-DTT ILC1 (n=16 who participated to both ILC1 and ILC2)
and the “new” participants (n=10). There were no statistical differences between the two groups, regardless of
the sample considered (Table S3). However, more participants obtained satisfactory results for all extracts of
all samples in the OP-AA ILC. Indeed, a total of 9 participants (35%) obtained satisfactory results for all extracts

430 ofall samples (i.e. 10 z-scores in the satisfactory ranges, Figures S7-89). However, only 5 (25%) had satisfactory
results for all samples in the OP-DTT ILC, although the latter encompassed a total of 3 extracts (i.e. 3 z-scores

in the satisfactory range). While important differences remain across the results, participants in this ILC tend
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to produce generally promising results, with most z-scores falling within the acceptable range and no evidence

of systematic bias.

435  Finally, the consistency of sample rankings was examined to determine whether the laboratories accurately
captured the relative differences between the samples’ slopes (nmol L1 min-t), even when absolute deviations
from the assigned values were observed (Figure 4). As shown in Figure 4, 20 participants (77%) reproduced
the expected ranking (EF2 > C > D = A >B), suggesting that despite variability in absolute values, the analytical

procedures generally preserved the relative OP levels across samples.

2 3 5 6 7 8 10 11 12 14 15 17 18 19 22 23 24 26 27 29 1 25 4 13 20 16
Lab. Nr

440

Figure 4. Sample ranking with respect to OP slope for each participant, with 1 being the sample giving the highest OP (in
nmol) L/ min) and 5 the sample giving the lowest OP (in nmol 1.7 min”).

3.4.2.Methods’ sensitivity
Since sample B was a blank filter, its variance is dominated by procedural and analytical noise, including the
445  effects of sample preparation and instrumental factors. This sample was prepared under conditions
representative of the average extraction conditions for samples extracted at 10 or 25 ug ml'. The extraction
volume-to-filter surface area ratio ranged from 6.6 mL cm? to 13.2 mL cm? for samples D and A, respectively,
resulting in an average ratio of 10 mL cm for sample B, i.e. 2.00 mL for one 0.2 cm? filter punch. First, sample
B was used to calculate a theoretical limit of detection (LOD) and laboratories’ performances were evaluated
450  with regard to this value and whether other samples would have been flagged as below LOD. The LOD for
each participant was calculated as LOD = 30p with op the standard deviation of OPgope for samples B in the 3
replicates of 3 extractions (n=9). A maximum of 3 outliers were removed from each set of results, and at least
the 6 most reproducible results were kept. The results show that participants using cuvettes had systematically
higher LODs than participants using the plate readers (Figure 5). This tendency toward higher OP values was
455 not observed with the other samples. Consequently, a higher percentage of cuvette-users exhibited samples
below the LOD, ranging from 0% (sample EF2) to 70% (sample A) of cuvette-users, compared to 0% (sample
EF2) to 12.5% (samples A and C) of plate-reader users. The observed differences between the optical
configurations suggest that the two methods are partially non-equivalent under low signal conditions or low-

volume samples.
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460
Figure 5. Theoretical limits of detection based on an outlier-excluded standard deviation in sample B. Results were cropped at
LODZ 1 nmol min', and stars represent bars that exceed this value.

3.4.3.Influential parameters
In addition to being investigated « priori and during the ILC exercise by the organizer, the influence of some of
465  the variables on z-score values was also investigated @ posteriors, using participant-reported data. The investigated
parameters can be separated into two categories: technical variables (device i.e. cuvettes or plate-reader,
transport time, time before analysis and package temperature), and analytical variables (average slope of the
negative control and AA concentration at time zero). Among the technical variables, package temperature was
continuously logged during shipments, but the high correlation between the maximum temperature reached
470 and the transit time (0>0.7, Fig. S6) prevented both parameters from being included in a multiple regression
model. The device was only investigated by comparing results obtained using cuvettes vs. plate-readers, but
there exist differences between plate-readers that could not be investigated, such as the duration of the

spectroscopic measurement. Other technical parameters were already described above.

The investigated analytical variables can be influenced by several aspects, such as the instrument model or
475  stability, the calibration accuracy, the water quality, or protocol compliance. The average slope of the negative
controls is subtracted from the samples’ slopes to remove matrix effects due to AA background oxidation in
K-POy buffer. Participants had to analyze one negative control in triplicate per analytical series. This resulted
in some participants analyzing the negative control once (plate-reader users), and others up to 6 times. Three
laboratories obtained extreme averages T standard deviations in the negative controls’ slopes of -3177 * 6359
480  nM min', 2992+18 nM min-, and 4056 £ 27 nM min’!, the latter two obtained by patticipants using plate-
readers. The negative value was obtained by the participant who reported a problem with the provided AA
reagent. Surprisingly, one of the participants with extreme positive slopes obtained satisfactory results for two
samples, even though the negative controls were used in samples’ slopes calculation. The median (25%
percentile, 75 percentile) among all participants was 490 (196, 774) nM min"!, showing a relatively high
485  wvariation in this parameter (Table S4), which participants should try to understand and minimize prior to

launching series of analyses.

The AA concentration at time zero in the negative controls [AA]y was compared to the theoretical AA
concentration [AA]m of 133 uM. Participants obtained [AA]o ranging from -421£2 uM to 12511+10275 pM,
but with median (25% percentile, 75 percentile) over all participants of 130 (124, 136) uM, indicating general
490  agreement between [AA]w and [AAlo. Participants with [AA]o outside the theoretical range may have
experienced instrument drift, fast degradation of AA throughout the analytical period, matrix absorbance (i.e.

prior to AA injection) of the same magnitude as the absorbance at time zero (i.c. just after AA injection), or
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errors in the calibration curve or pipetting steps. These issues were suggested in the raw results of some
participants but no single parameter could cleatly be identified as the most probable cause. Table 2 shows that
495 participants outside the [AA] theoretical range have a higher rate of results falling outside the satisfactory

category. This suggests a very strong impact of OP calculation steps in the laboratories’ performances.

Table 2. Contingency table of z-scores and AA concentration at time gero in the negative controls.

Characteristic N rg:;lo (llrllil(lig) [AALo 0(1:2811(11; range p-value!
Type of spectrometer | 26 0.4
Cuvette 7 (47%) 3 (27%)
Plate-reader 8 (53%) 8 (73%)
Sample A 26 0.004
Satisfactory 16 13 (87%) 3 (27%)
Not satisfactory 10 2 (13%) 8 (73%)
Warning signal 1 2
Action signal 1 6
Sample C 26 <0.001
Satisfactory 18 15 (100%) 3 (27%)
Not satisfactory 8 0 (0%) 8 (73%)
Warning signal 0 1
Action signal 0 7
Sample D 26 <0.001
Satisfactory 14 13 (87%) 1 (10%)
Not satisfactory 11 2 (13%) 9 (90%)
Warning signal 2 3
Action signal 0 6
Missing 0 1
Sample EF2 26 <0.001
Satisfactory 18 15 (100%) 3 (27%)
Not satisfactory 8 0 (0%) 8 (73%)
Warning signal 0 4
Action signal 0 4

"Fisher’s exact test for the difference between counts of types of spectrometers or between satisfactory and not satisfactory z-scores.
Note: “ontside of range”, defined as below 120 uM or above 146 uM.

500  The results of the multiple linear regression analysis are shown in Figure 6, representing the influence of the
technical and analytical parameters on participants’ median z-score obtained, for each sample. No association
trend was found for the transit time in any of the samples. Time before analysis presented a significant negative
association only in sample C (3 =-0.09 * 0.04, p-value = 0.02). However, this association was not present after
exclusion of the outliers (above the 99t and below the 1st percentiles, excluding of 2 laboratories, 3 = -0.02

505  0.04, p-value = 0.59). The average slope of the negative control was associated with lower z-scores for samples
CB=-18-103£4-104 p-value <0.01) and D (8 =-1.5-103 % 4 - 104, p-value < 0.01), and a higher z-score
for sample EF2 (3 = 1.0 - 103 £ 4 - 104, p-value = 0.02). However, this pattern disappeared for all samples after
excluding the outliers (all p-values = 0.2). More consistent patterns of association were found with the type of
device, with cuvette-users exhibiting higher z-scores compared to plate-reader users. The most robust trends

510  were obtained for samples C (8 = 1.8 £ 0.9, p-value = 0.06 in the full model) and D (8 = 1.9 £ 0.9, p-value =
0.05 in the full model). Participants using cuvette-based spectrometers reported finding the pipetting step more
difficult, particularly for samples with the highest ratio of number of punches to extraction volume. However,

this does not appear in the models’ results. Sample D showed the strongest effect, despite having a similar ratio
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to sample A, for which there is no effect of the device. Finally, the effect of outside-of-range-[AA]o led to

significantly higher z-scores than [AA]o in the pool of laboratories around 10% [AA]w for sample C only (8 =

291 0.9, p-value < 0.01, B = 1.4 £ 0.9, p-value = 0.1 in both the full and without-outliers models, respectively).

This pattern remains for sample D, but the lack of statistical significance with the other samples is probably

caused by an effect that draws z-scores in both directions, making it difficult to detect an overall effect. The

most consistent trend was the overestimation of z-scores among cuvette-users, while most of the other tested
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parameters showed only weak, non-robust associations with laboratory performance.
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Figure 6. Results of the adjusted multiple linear regression between median 3-score values and technical and analytical parameters
in each sample. The theoretical range of [AA]y corresponds to a 10% interval between the concentration fixced by the protocol
(133 uM), i.e. 120-146 uM. Note: PR: plate-reader, |[AA]O: concentration of AA at time zero in the negative controls.
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525 3.5. OP-AA SOP: OP calculation

In this ILC, the OP calculation was derived from the AA calibration curve (Eq. 1). However, a recent work

investigating the mathematical determination of OP, published after the launch of the ILC, showed that this

approach may yield higher OP-AA values than concentration-based methods relying on the initial AA

concentration (JAA]o) and the absorbance at time zero (Eq. 3) (Souza et al., 2025). Since [AA]o appears to be a
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530  crucial parameter in the paragraphs above, a sensitivity analysis was conducted on participants outside the
[AA]s range who also provided information on AA solution preparation (n = 10, 8 using plate-readers, and 2
using cuvettes), to assess the influence of the calibration curve-derived [AA]o. OP was therefore recalculated
using the concentration-based method in this sub-population (Figure S10). The results showed that applying
the concentration-based method significantly improved participants’ performances, with 7 laboratories shifting

535  into the satisfactory z-scote interval for at least one sample and 3 laboratories shifting into the satisfactory
interval for all samples. Since reevaluating the results could affect the assigned value of each sample, it is not
possible to reevaluate all results based on this calculation. Nevertheless, this sensitivity analysis strongly suggests
that the OP calculation method is a critical variable in participants’ performance. This is probably because the
concentration-based method is impacted by AA solution preparation (correct weighing), volumetric operations

540  linked to sample and AA introduction, and by analytical noise. On the other hand, the calibration curve
approach is also impacted by uncertainties linked to each point on the calibration curve which can be greatly
affected by the fast degradation of AA at low concentrations, and by the ability of users to correctly perform
this step (i.e. dilution in K-PO4, minimizing the time between calibration and absorbance measurement,
ensuring an identical optical path length between calibration points and samples...). This exploratory approach

545  should be reproduced in future ILCs, since changing the calculation method would also affect the determination
of the assigned values, but these preliminary results support the feasibility of implementing the current OP-AA

SOP on a larger scale.

3.6. “Home” OP-AA protocols

Participants had the opportunity to perform their home protocols, to assess the differences in results compared
550  to the SOP and what factors potentially drive them. Twelve participants provided such results. Among them,
nine laboratories performed three extractions per sample and up to three replicates per extract. Two other
laboratories performed one extraction per sample and up to three replicates per extract, and one participant
performed one extraction per sample and one replicate per extract. Due to the diversity of these results, the
conclusions drawn from this part are therefore more speculative and should be confirmed in future ILCs.
555  Clustering analysis of the differences between the home and SOP results for each participant resulted in three
clusters (Figure S11): five laboratories with close agreement between their home and SOP results, six
laboratories with sample-dependent agreement between protocol results, and one laboratory with severe
disagreement between protocol results (but with only one replicate per sample). Analyzing labs in the close
accordance cluster revealed no shated technical patterns in their two protocols that could explain the strong
560  accordance. In fact, the laboratories with the closest results between the two protocols (n°12 and n°18) used
different extraction solutions (phosphate buffer vs. ultra-pure water), extraction devices (agitation and
centrifugation vs. ultrasounds), extraction durations (60 min vs. 30 min), and ratios of PM and AA
concentrations in the wells. Therefore, future work is clearly needed to better understand the impact of the
various home protocol, to be able to comment on the existing published data. This work should also reflect on
565  what trends regarding OP values would be expected depending on some crucial technical aspects of the

protocols used.
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4. Lessons learned
This second ILC was based on the knowledge gained during the ILC1, which was carried out for the OP-DTT

assay (Dominutti et al., 2025). It aimed to address participants’ feedback, lessons learned, and community needs.
570 The major strength of this work was the participants’ strong commitment at each stage of the exercise, which
enabled rich collaborative discussions and the sharing of different community perspectives on protocol

development, and the gathering of a large amount of information regarding current practices.

One limitation of developing protocols for both the cuvette and the plate-reader absorbance measurement
techniques is the potential induction for variability in one category as compared to the other. To address this
575 aspect and help participants, a list of parameters to prioritize was shared prior to the ILC launch. The order of
priority was as follows: reaction temperature (37°C) > agitation during the reaction (if not continuous, agitate
the cuvettes before each measurement) > perform the reaction directly in the cuvette (reduce number of
pipetting steps) > number of time points (adjustable). A great benefit of the exchanges regarding these
parameters was that participants became familiar with the SOP protocol, and consolidated their technical
580  experience even before the analytical phase of the ILC began. Participants tried to meet the required conditions,
including by testing home-built designs of incubation chambers for the extraction. The relatively small variation
between extraction replicates shows that this step was reproducible for most participants, regardless of the final

option.

Although it resulted in a certain variability among participants, the AA-SOP appears to lead to less extreme
585  cases than the DTT-SOP (Dominutti et al., 2025), with slightly better z-score performances for the AA-SOP,
despite the increased difficulty due to integrating all aspects of the analysis (extraction, analysis, calculations)
and analyzing more samples. The proposed AA-SOP is an easier-to-deploy protocol that enables a more robust
evaluation of results and the possibility of performing repeated kinetic measurements (ten measurements in
thirty minutes). Such repeated measurements are not feasible with the OP-DTT assay because adding the
590 titrating agent 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) to stop the PM-DTT reaction requires more wells
or labware. The good petformance of patticipants who previously took part in the ILC1 could be attributed to
their established expertise, skill enhancement or equipment improvement between the two inter-laboratory
comparisons, or a more straightforward protocol. A combination of all these factors probably led to their good
results. This study highlights how the community’s commitment to protocol comparisons enables significant
595  improvements in participants’ knowledge, pointing out the structuring role of these exercises, and the

importance of repeating them.

The present OP-DTT results could not be compared with the OP-AA SOP results, although it is necessary to
be able to put both OP assays in perspective. One possible explanation for the high variability in OP-DTT
results is the lack of clear instructions in the DTT-SOP regarding the extraction step which was not included
600  in the ILC1. Some participants performed the extraction in ultra-pure water, while others used a K-PO4 buffer.

The RI-URBANS Guidance document on the measurement of OP in PM (https://riurbans.ecu/wp-

content/uploads/2025/10/ST4.pdf) recommends performing at least two complementary assays. Future work
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tests.

605  Two recent studies have investigated OP metrology by either evaluating the main sources of uncertainties in
OP-DTT measurements (Molina et al., 2020), or by investigating the impact of OP calculations on OP-DTT
and OP-AA results (Souza et al., 2025). A key challenge in evaluating any protocol is the ability to use internal
standards to provide reference values for OP. One recommendation for ILC is to use a commercially available
chemical reference, when possible, so that future ILCs are also comparable to each other by using the reference

610  wvalue as a basis. However, ILC1 found that it was difficult to use the 1,4-naphthoquinone due to its aging
during shipment. Sample EF2, made of CuSOs, was chosen in an attempt to achieve this goal. The results
showed the highest rate of satisfactory performance and the lowest variability in the results (CV of 40% among
all 26 participants) when using the OP-AA-SOP. A notable piece of information in the present ILC is also that
the sample EF2 results were more variable among the different home AA protocols (CV=112% for the EF2

615  sample measurements, with 11 participants). This suggests that the SOP reduces the variability of results for
this chemical reference. However, the 40% CV remains too high at this stage to ascribe any OP-AA reference

value to this compound.

Some feedback from groups that failed to obtain realistic results reported persistently high matrix absorbance
at 265 nm across all well types (samples, negative controls, calibration curve, and chemical reference),
620  preventing interpretation of any AA depletion kinetics; this systematic pattern, affecting calibration and controls
equally, pointed toward an analytical/optical issue (e.g., plate UV-compatibility, reader configuration, or
instrument linear range at 265 nm) rather than sample-specific extraction problems. To avoid this, participants
should run a preliminary validation plate before the full assay, including the calibration curve, negative controls,
and reference samples such as EF2 with known OP values to verify that absorbance signals fall within the
625  instrument's reliable range and to catch issues such as unsuitable plate type, reagent storage, or pipetting errors

while time still allows for troubleshooting.

5. General recommendations

This section provides recommendations for further standardizing OP measurements, valid for any OP probe
or device used, and includes broader perspectives than those solely tested within the scope of the present ILC.

630 General recommendations

- OP analysis can be performed on Teflon or Quartz filters for atmospheric sampling. Due to their

hydrophobic properties, a drop of methanol should be used to wet Teflon filters prior to extractions.

- Filters to be analyzed for OP should always be cleaned or calcined (for Quartz fiber filters) prior to

sampling. Filter impurities can impact the blank and the results differently, depending on the synergistic

635 and antagonistic effects that can occur between the different chemical species in PM and filter
impurities.

- All field campaigns analyzed should include 10% of field blanks by number to account for background

oxidation of the sampling procedure and potential contamination (including trace elements that cannot

be removed by calcinating filters prior to sampling).
20
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640 - The temperature can affect filters at different steps of the analytical process. When possible,
laboratories should aim for a temperature-controlled room (£5°C) to limit premature and sample-
dependent aging, solutions’ degradation, and variations in kinetic parameters between analytical
batches.

- The analysis should be performed on the same day as the extraction to minimize the effect of the

645 matrix aging. If the extracts must be stored, subsamples from the same campaign should be analyzed
on the day of extraction and under the planned storage conditions, to assess the combined effects of
aging and freeze-thaw cycles.

- Samples should be prepared and handled under a laminar flow hood, by technical staff wearing
powder-free polyethylene gloves, to prevent contamination.

650 - We strongly recommend preconditioning all consumables (e.g., extraction tube, flask and pipet tips)
with 5% HNOj (trace metal grade) for at least 24 hours to limit the risk of contamination, followed by
several rinsing steps using ultra-pure water, and drying in a clean environment (laminar flow hood).
However, this step should be avoided for the microplates because the small well volume prevents

proper rinsing, leading to potential light deviations and artifacts in the absorbance measurements.

655 Choice and preparation of reagents

- Ultra-pure water (18.2 MQ2 cm, TOC<5ppb) should be abstracted on the day of solution preparation
to minimize AA degradation due to contaminated water. If the water quality is unstable over time,
commercially available water of high purity should be purchased.

- To limit the variation due to suppliers or purity in the ILC, the organizer provided all powder reagents

660 at the highest degree of purity from their usual supplier. Laboratories should aim for high-purity
products, and potentially test several providers prior to launching a long series of analyses, as this factor
can greatly impact the results. In this case, the phosphate buffer was not purified, thanks to the high
purity of the reagents (delivered as powders), avoiding any purification step that could increase the
variability.

665 - Preparation of the extraction matrix or the reagents must be performed cautiously, to minimize the
uncertainties linked to volumetric operations, as previously reported for OP-DTT protocols (Molina
et al., 2020). Balances and pipettes should be regularly controlled to ensure this crucial step, which is
minimally influenced by laboratory equipment. To limit oxidation of AA due to exposure to light and
oxygen in the air, the AA powder should be protected from light and be exposed to air for the weighing

670 and dilution steps as shortly as possible, and stored below 4°C when not used. As mentioned in the
protocols, antioxidant diluted solutions should be prepared on each day of analysis. We recommend
that users avoid keeping the buffer for too long to ensure the reproducibility of measurements. The
appropriate length of the storage period highly depends on the purity of the reagents and should be

tested by each group, but we advise storing it refrigerated for a maximum of two weeks.

675 Reaction step
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- The time between the calibration and its absorbance measurements should be minimized to have most
accurate calibration curves. The absorbance measurement at time zero should also be performed as
soon as possible after AA injection to be representative of the actual conditions at time zero.

- Measurement of AA absorption is performed in the UV region and requires plates or cuvettes that are

680 optimized for this domain. The suitability of the plates should be checked prior to any analysis, by
measuring an AA absorbance spectrum, even if the UV domain is covered in the technical sheet
provided by the supplier.

- Surface-mediated reactions from actual PM in the samples can only be captured when extracts are not
filtered (Daher et al.,, 2011; Gao et al,, 2017; Verma et al., 2012). However, this filtration step may

685 increase the OP-AA variability and requires performing several filtration replicates to ensure that the
measurements are unaffected by external variability or contamination from the filtration procedure. If
extracts ate filtered, the risks of contamination must be minimized by preconditioning the syringe
filters (multiple rinsing with ultra-pure water).

- OP analysis is based on a kinetic evaluation, with the reaction rate constant being a function of the

690 temperature. To get the most reproducible results, it is important to limit temperature vatiations
throughout the analytical process. For the reactants, a compromise has to be found to prevent
premature oxidation of the solutions. The other solutions introduced in the plate or the cuvette
(buffer/extract) should be as close to 37°C as possible, since temperature greatly affects the reaction
rate and the oxygen content of the solutions. Most importantly, to minimize inter-day variability when

695 analyzing series of samples, all the different steps should be performed the exact same way every day.

Calculation step

- Before running a long series of analyses, the ILC2 demonstrated the importance of performing
preliminary controls: ensuring the linearity of the calibration curve, checking for coherence between
[AA]n and [AA]o, and verifying the consistency and low values of the slope of the negative controls

700 and/or blank filters. Validating these preliminaty steps should limit the risk of incoherent results.

Recommendations for future inter-laboratory comparisons

This work enables to draw some recommendations for future OP-ILCs. While this inter-laboratory comparison
and the existing literature support the use of a concentration-based method for determining OP, future
comparisons should implement both concentration-and calibration-based methods into the calculation file.
705 This will allow to assess the robust averages of each method and to conclude on the best practices to adopt in

a harmonized protocol.

6. Conclusion

Overall, this inter-laboratory comparison exercise demonstrates that OP-AA measurements can be
implemented on a larger scale with an SOP combined with preliminary training. This scale-up appears easier to
710 apply to the AA-SOP than to the DTT-SOP, as more participants obtained satisfactory results in the present
ILC than in the DTT-ILC of 2023. The adoption of a shared protocol substantially improves the comparability
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of results, and this should facilitate identifying major sources of reactive PM across broader spatial scales. For
laboratories already performing OP measurements, a practical first step toward harmonization could consist of
additional OP measurements following the proposed SOP, thereby preserving previously generated datasets

715 while enabling future comparability.

Repeated ILCs are essential for incorporating community feedback and gaining better insights from such rich
datasets. This collaborative approach may also foster stronger commitment within the community than a strictly
top-down normalization process would. Rather than enforcing strict procedural uniformity, the simplified SOP
focuses on controlling a limited number of key parameters that critically influence OP-AA measurements. In
720 light of ISO 5725-2, the present ILC shows that OP-AA measurements are reproducible under defined
conditions, and that most observed variability arises from identifiable methodological factors, particularly
volumetric operations and initial AA concentrations consistency, rather than from intrinsic instability of the
assay. By prioritizing control of these parameters, the SOP effectively reduces methodological variability while

allowing laboratories to adapt less critical aspects of the protocol to their technical environment.
g P P p

725
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