10

15

20

25

30

https://doi.org/10.5194/egusphere-2026-4293
Preprint. Discussion started: 30 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

Development and first application of a new online system for

continuous measurement of oxidative potential

Thomas Audoux'?, Ambre Delater®, Manuella Ghanem?, Jean-Baptiste Lily?, Mathieu Cazaunau?®,
Edouard Pangui®, Bénédicte Picquet-Varrault*, Patrice Coll3, Esperanza Perdrix*, Laurent Y. Alleman?,
Davy Rousset?*

Center for Energy and Environment, IMT Nord Europe, Institut Mines-Télécom, Université de Lille, Lille, France
2Department of Pollutant Metrology, Institut National de Recherche et de Sécurité (INRS), 54500 Vandceuvre-lés-Nancy,
France

SUniversité Paris Cité and Univ Paris Est Creteil, CNRS, LISA, F-75013 Paris, France

*Univ Paris Est Creteil and Université Paris Cité, CNRS, LISA, F-94010 Créteil, France

Correspondence to: Davy Rousset (davy.rousset@inrs.fr)

Abstract. This study introduces a new online system for measuring oxidative potential (OP), using the dithiothreitol (DTT)
assay with a direct-to-reagent approach. The instrument enables real-time OPP™T assessments with 5-minute resolution and a
competitive instrumental detection limit (0.066 nmolprr min). Its performance was evaluated using model compounds and
under controlled experiments in the CESAM atmospheric simulation chamber. The system exhibited clear and consistent
responses to major OP-active species, including quinones, copper, manganese, secondary organic aerosols (SOA), and black
carbon. In chamber experiments conducted without photochemistry, the OP,PTT values remained consistently lower than during
experiments involving photochemistry, despite the higher concentrations of metals and similar particulate masses. This finding
underscores the critical role of photochemically produced species in driving OP. Overall, the instrument demonstrated its
capacity to monitor OP,P™T at a high temporal resolution, paving the way for a deeper understanding of the influences on OP

from emission sources and atmospheric processes, particularly transient ones.

1 Introduction

Exposure to atmospheric particulate matter (PM) has been associated with several acute and chronic adverse health effects,
such as cardiovascular and respiratory morbidity (Gauderman et al., 2000), asthma (Li et al., 2023), an increased risk of
depression and anxiety (Yang et al., 2023) and premature mortality (Lelieveld et al., 2015). It is now recognized that the health
impacts of PM are influenced not only by its mass but also by its physical characteristics, chemical composition, and reactivity
(Harrison and Yin, 2000; Kelly and Fussell, 2012). Consequently, identifying a toxicity-based metric that integrates these
various parameters is essential for a more comprehensive assessment of PM health effects. Oxidative stress is a key initial step
in the biological pathway by which PM leads to various adverse health effects (Nel et al., 2006). The presence of reactive
oxygen species (ROS) in inhaled air may cause oxidative stress (Delfino et al., 2013; Kelly, 2003; Nel et al., 2006).

The oxidative potential (OP) of PM is defined as its capacity to oxidize target molecules (European Parliament, 2024). In other

words, OP is the ability of PM to induce depletion of antioxidants or chemical substitutes, either directly through ROS carried
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to the air-lung interface by PM (PM-bound ROS) or by the gas phase, or indirectly through ROS produced endogenously
through catalytic reactions between inhaled PM (e.g., transition metals) and the biological system (Dellinger et al., 2001;
Knaapen et al., 2004; Lakey et al., 2016). The OP takes into account relevant properties of aerosol particles, including the size,
surface area, solubility, and chemical composition of PM, and combines them into a single toxicity indicator (He and Zhang,
2023; Kelly and Fussell, 2012). Thus, OP could provide additional information that particle mass concentration alone may not
fully capture. It could also facilitate the implementation of particulate control measures targeting more specifically their
toxicity, which is a more effective mitigation strategy for preventing PM-related health impacts (Tassel et al., 2025).
Numerous acellular assays have been developed to measure OP, offering higher reproducibility and accuracy, as well as lower
material costs, time, and effort in comparison with cellular assays (Bates et al., 2019). Common acellular assays include the
use of 1,4-dithiothreitol (OPPTT), ascorbic acid (OPA4), glutathione (OP®*H), and 2°,7’-dichlorodihydrofluorescein (ROSPCH)
(Calas et al., 2018; Shahpoury et al., 2022). Among them, the DTT assay has emerged as the preeminent method for measuring
aerosol OP and has been widely adopted (Bates et al., 2019). Its molecular structure features a disulfide bond, similar to that
of glutathione, a key antioxidant found in lung lining fluid, conferring it physiological relevance. The OPP™T method monitors
the depletion of the reduced form of DTT in the presence of PM due to its oxidation to the disulfide form. This reaction is
triggered by the ability of PM to catalyze the transfer of electrons from DTT to oxygen. DTT has been shown to act as a
surrogate for the cellular oxidant NADPH (Nicotinamide adenine dinucleotide phosphate), which reduces oxygen to the
superoxide anion (O2) (Cho et al., 2005; Hellack et al., 2017). Studies have demonstrated a strong correlation between DTT
assays and various biological markers of adverse health effects induced by PM exposure, including airway and nasal
inflammation, diabetes, and ischemic heart disease (Abrams et al., 2017; Bates et al., 2015; Delfino et al., 2013; Janssen et al.,
2015; Strak et al., 2017; Yang et al., 2016). Measurement of OP is explicitly mentioned in the new directive on air quality in
Europe (European Parliament, 2024) and OPP™T has already undergone international interlaboratory comparison within the
framework of Rl URBANS project (Dominutti et al., 2025). This supports the idea that OP is a pertinent health metric for PM
exposure.

The DTT assay is generally performed offline (Borlaza et al., 2022; Calas et al., 2018), requiring to collect aerosol samples on
a filter beforehand. Although offline sampling has certain advantages for conducting chemical analysis, this approach for OP
has significant limitations. For instance, the time lag between sampling and analysis prevents the consideration of short-lived
species (Fuller et al., 2014), fast-reacting chemical processes (Campbell et al., 2023) and potential aerosol ageing (Ghanem et
al., 2024). In addition, reactive species present in the gas phase are not included in OP determination, as offline sampling only
considers airborne particles. Online measurements also offer the advantage of providing highly time-resolved data, thus
enabling the identification of intermittent sources and/or micro-events responsible for redox activity. Such phenomena can
include short-term fluctuations in emission levels, diurnal variations, or rapid changes in wind direction (Campbell et al.,
2024).

In recent years, several online systems for measuring aerosol particles OP have been developed to address the limitations of

offline methods. Two main operational modes can be distinguished: sequential and continuous. In sequential systems, aerosols
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are accumulated over a defined period before the reaction is initiated, after which a time-resolved kinetic analysis of DTT
decay is performed (Chen and Yu, 2025; Eiguren-Fernandez et al., 2017; Puthussery et al., 2018; Wu et al., 2022). A significant
recent development in sequential online measurement is the ROS-Online prototype, which uses dedicated modules to measure
both OPPTT and OPAA simultaneously (Barbero et al., 2025). By contrast, continuous systems, like those developed by Wragg
et al. (2016) (ROSPCF) and Utinger et al. (2023) (OPA4), perform sampling, reaction, and detection in a 'direct-to-reagent'
flow. This enables near real-time measurements based on endpoint kinetics. To date, no online instrument implementing the
DTT assay has adopted a fully continuous, direct-to-reagent configuration using absorbance spectroscopy. Most existing
systems rely on sequential sampling and reaction cycles, which inherently introduce delays between particle collection and
analysis. This is particularly problematic for capturing short-lived redox-active species. A recent study reported a loss between
60% and 99% of ROSPCF and OPA* when comparing online and offline measurements (Campbell et al., 2025). They also
demonstrated that ROSPC™ and OPA* values measured online were 5 and 3 times higher, respectively, than those obtained via
the fastest offline method, with a 2-min delay between sampling and analysis (Campbell et al., 2025). These findings emphasize
that high-time-resolution online measurements of aerosol oxidative potential are critical to capture short-term exposure-
relevant variability that is completely missed by offline, time-integrated approaches.

In this context, a continuous DTT system operating with a direct-to-reagent mode can substantially minimize ageing artefacts
while providing high temporal resolution, thus enabling the detection of rapid changes in aerosol redox activity. This paper
describes the design and first application of a new online instrument for the real-time measurement of the aerosol’s OP using
the DTT assay and absorbance spectroscopy. The prototype’s direct-to-reagent configuration allows continuous, automated
monitoring of aerosol redox activity, addressing significant shortcomings in OPP™T instrumentation. Firstly, we evaluated the
sensitivity, repeatability, and detection limits of the system by conducting laboratory tests on selected model compounds, such
as transition metals and quinones. Secondly, we assessed the system's response to complex pollutant mixtures and
photochemically driven processes in an atmospheric simulation chamber (CESAM) (Wang et al., 2011a). The CESAM
simulation chamber is labelled as CNRS National Instrument and is part of the ACTRIS European Research Infrastructure
(Fuchs et al., 2026). It allows the generation of complex mixtures which are representative of polluted atmospheres for the
rigorous evaluation of the OPPTT instrument under controlled conditions. This approach is essential for a new instrument, as it
provides a benchmark for its response to complex, dynamically evolving mixtures, a critical step that cannot be achieved

through field measurements alone, where sources and meteorology vary simultaneously.
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2 Material and methods
95 2.1 Online OPP™T measurement
2.1.1 Description of the online device

The prototype for the online measurement of DTT consumption induced by aerosols (OPPTT) follows a three-step process
involving (i) aerosol sampling, (ii) reaction with a chemical probe, and (iii) analysis (Figure 1). (i) Aerosol sampling is
performed using a Particle-Into-Liquid-Sampler (PILS, Model 4001, Brechtel), which collects the aerosols in a liquid phase.
100 (ii) The second step involves two sequential steps. First, the sample reacts with DTT under physiological conditions (phosphate
buffer solution, PB, pH 7.4). This leads to DTT oxidation. Secondly, any remaining reduced DTT reacts with DTNB (dithiobis-
2-nitrobenzoic acid), forming 2-nitro-5-thiobenzoic acid (TNB), which absorbs at 412 nm. (iii) The third section enables
absorbance measurement using a 24 pL measurement cell (Liquid Waveguide Capillary Cells, LWCC-M, WPI) with a 10 cm
optical path. This is coupled with a UV-Visible lamp (DH-mini, Ocean Optics) and a spectrophotometer (QE Pro, Ocean

105 Optics). Absorbance at 600 nm is monitored and serves as a reference for temporal drift correction in the absorbance spectra.
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Figure 1: Schematic diagram of the OPPTT online measurement prototype.
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The PILS continuously samples air at a flow rate of 12.5 L min-! through a condensation chamber that is fed by a turbulent
flow of water vapor at 100°C. Under these conditions of water vapor supersaturation, the aerosols form droplets large enough
to be collected by impaction with a collection efficiency for particle diameters D, between 0.03 and 10 pm greater than
97% (Orsini et al., 2003). The impaction surface is continuously rinsed with phosphate buffer solution (PB, 0.1 mol L, pH
7.4) at a flow rate of 0.25 mL min-* to collect the PB-soluble phase of the aerosols. DTT (20 umol L) is injected continuously
into the system at a flow rate of 0.25 mL min using a microperistaltic pump (29QQ Series, Boxer GmbH). The aerosol sample
absorbed in PB (dissolved + particulate fraction) is mixed with the DTT using a mixing tee within the first few seconds after
sampling, allowing a direct-to-reagent approach similar to that described by Wragg et al. (2016) and Utinger et al. (2023). This
design choice, i.e., delaying the DTT addition, avoids the need for additional dilution factor determination associated with
variable PILS condensed water (e.g., using non-interfering tracers such as LiBr ; Sameenoi et al., 2012)), while improving the
reproducibility of OP,PTT measurements. The resulting DTT-aerosol sample mixture then reacts in a 6.3 mL PEEK (PolyEther
Ether Ketone) reaction loop, under a constant temperature set at 37°C to mimic human physiology. Liquid flow rates and
temperatures are measured continuously using liquid flow meters (SLF3S-0600F, Sensirion®). Unfortunately, the measured
reaction temperature (~30°C) was lower than expected during experiments. In the future, we will include enhanced temperature
regulations to improve system stability. The effluent is then mixed with DTNB (150 pmol L™; 0.5 mL min), using a second
mixing tee before passing through a 1 mL PEEK loop to complete the reaction between DTNB and the remaining DTT. The
solution is then filtered through a 0.2 um syringe filter (Minisart hydrophilic nonsterile syringe filter, Polyamide, 0.2 um) to
prevent clogging the ports of the LWCC-M (Micro Liquid Waveguide Capillary Cell, 100 mm pathlength, WPI) and to remove
insoluble particles that could interfere with absorbance measurements through light absorption or scattering. The solution is
then injected continuously through the latter to monitor the absorbance spectrum. Absorbance data were averaged over 5-min
intervals, which correspond to the response time of the analytical section (see Sect. 2.2.2). This enables the OP to be determined
continuously, with a temporal resolution of 5 minutes and a 20-min lag between air sampling and analysis of TNB absorbance.
DTT ageing is limited by protecting it from light (stored in an amber bottle) and keeping it cold (below 4°C) using ice and a
thermoregulated bottle holder. A 4-port, 2-position switch valve (Advanced Microfluidics®) allows for a blank sample (PB)
to be periodically injected into the reaction loop instead of the aerosol sample to perform analytical blanks and control the
stability of the DTT.

2.1.2 Comparison with literature

Table 1 provides a list of online instruments based on the DTT assay, their limit of detection, operational mode and their
sampling devices. These instruments follow the same three-step process as described previously. Various aerosol sampling
systems have been employed, attempting to improve the representativeness of the atmospheric aerosol sample while ensuring
that they collect a sufficient quantity for OP determination. The choice of a sampler significantly impacts the collection
efficiency, particularly for ultrafine particles as well as air flow rates. The latter remain key design variables in the development

of online OP instruments (Table 1).
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The different samplers include the Sequential Spot Sampler (Eiguren Fernandez et al., 2014; Eiguren-Fernandez et al., 2017),

which condenses water on aerosols forming discrete liquid spots for later reaction; the Mist Chamber Collector (Cheung et al.,

2024; Puthussery et al., 2018), which traps particles in an aqueous phase through condensation-enhanced impaction; and the

MARGA system. The latter draws air through a wet rotating denuder followed by a steam-jet aerosol collector, enabling the

145

dissolution of both gaseous and particulate species into separate liquid streams for subsequent analysis (Wu et al., 2022). The

BioSampler uses laminar-flow water condensation to efficiently capture airborne particles in a liquid medium while limiting

the loss of volatile and reactive compounds (Barbero et al., 2025). Finally, the PILS (see description in section 2.1.1) is one of
the most widely adopted systems for DTT (Chen and Yu, 2025; Koehler et al., 2014; Sameenoi et al., 2012) as well as other

OP assays (Utinger et al., 2023; Wang et al., 2011b). Although PILS sampling relies on a turbulent injection of water vapor at

150

impact OP-active species.

100°C, Utinger et al. (2023) reported that temperatures within the condensation chamber (~35-40°C) do not significantly

Table 1. List of OPPTT online measurements and their sampling characteristics. [DTT]r refers to the initial DTT concentration used
in the reaction between the sample and DTT.

Air-to- Time
Aerosol sampler Sample flow Aerosol collection o . . Operational [DTTIr LOD
. o liquid ratio | resolution .
(reference) rate (L mint) efficiency ) mode (umol L) (nmoloTT mint)
(m3ir mLY) (min)
Sequential Spot
Sampler > 90% .
(Eiguren-Fernandez et 3.0 (0.02— 1 um) 1.08 180 Sequential 100 0.15
al., 2017)
0.24
e _ L
N ' 16.7 or 42 (King and Weber, 0.38 —2.88 60 Sequential 100
Puthussery et al., 2013) 0.19-0.49
2018) (Cheung et al.,
2024)
> 99%
(Wulvé'tAfIGZAOZZ) 16.7 (0.019 — 0.886 um) 0.04 60 Sequential 7 0.024
" (Khlystov et al., 1995)
BioSampler 40 % (0.05 — 0.08 nm) .
(Barbero et al., 2025) 10.5 > 90% (0.5 — 5 um) 0.001 60 Sequential 212 0.025
PILS >97% . a
(Chen and Yu, 2025) 16.7 (0.03— 10 um) 0.05 60 Sequential 100 0.270
PILS o
(Koehler et al., 2014; 12.5 > 97% N.Ot q 3 Continuous P 50 0.001°¢
Sameenoi et al., 2012) (0.03-10 ym) mentione
PILS >97% .
(This study) 125 (0.03— 10 um) 0.05 5 Continuous 10 0.066

155

b This instrument relies on a microfluidic electrochemical sensor
¢ Calculated using detection limit of 24.9 pmolprr per injection and considering the 18 min time residence in the system 4347

a Calculated using detection limit of 0.027 uM min-! and considering the DTT incubation solution volume of 10 mL *°
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The main distinction among these samplers lies in their particle collection efficiency, particularly for sub-500 nm particles,
and in their air-to-liquid ratio, which determines the sample dilution. Instruments such as the MARGA and PILS exhibit
consistently high collection efficiencies (> 97%) for a large particle size range. The air-to-liquid ratio extends over a range of
more than two orders of magnitude across the various instruments, from 0.001 m3,; mL™ for the BioSampler to 1.08 m3, mL"
! for the Sequential Spot Sampler. A higher ratio enhances the transfer of particles and reactive species in the liquid sample
making it a critical variable in the design of continuous systems.

Table 1 also reports the initial DTT concentration ([DTT];) used in the reaction between the aerosol sample and DTT, which
varies among published online systems, ranging from 50 to 212 pmol L. Notably, Sameenoi et al. (2012) evaluated several
initial DTT concentrations across different 1,4-naphthoquinone concentrations and found that lower initial DTT concentrations
resulted in higher analytical sensitivity. This not only highlights the absence of a standardized operating protocol for online
OPPTT measurements, but also emphasizes the need to interpret cautiously direct comparisons between online measurements.
The different online systems exhibit limits of detection (LODs) ranging from 0.001 nmol min? for the microfluidic
electrochemical sensor to 0.49 nmol min-t. The instrumental LOD of our system was calculated as three times the standard
deviation of the continuous signal obtained under HEPA-filtered air (blank) conditions. Across the 11 blanks (>10 min)

performed over two consecutive days, the mean LOD was 0.066 + 0.016 nmol min (ranging from 0.038 to 0.088 nmol min-

1)'

Previous OPPTT online systems described in Table 1 rely on sequential sampling (with the exception of the Sameenoi et al.
system) with accumulation times typically ranging from 20 to 60 minutes. During this interval, rapid fluctuations in OP cannot
be observed, and short-lived reactive species may be partially lost before reaction with DTT can occur, as highlighted for
ROSPCFH and OPA* by (Campbell et al., 2025). The configuration of our OPP™T online measurement system overcomes this
limitation and provides an advantageous balance: while maintaining a competitive LOD, it allows the continuous measurement
of OPPTT with a high temporal resolution of 5 minutes. This enables the detection and characterization of short-lived events
that would remain unresolved with traditional hourly or multi-hourly sampling approaches. This enhanced temporal resolution
is particularly relevant for capturing rapid changes in aerosol OP during transient photochemical or combustion-related

episodes, possibly involving short-lived oxidative species.

2.2 Evaluation strategy
2.2.1 Reagents and chemical preparation

The PB solution was prepared at a total phosphate concentration of 0.1 mol L from 0.02 mol L't KH,PO4 (99%, Sigma-
Aldrich) and 0.08 mol L K;HPO, (98%, Sigma-Aldrich) in ultrapure water (Milli-Q®, 18.2 MQ.cm, TOC < 5 ppb) to obtain
apH of 7.4 £ 0.1. If needed, pH is adjusted using HNO3; (67%, ultrapure, VWR international).
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DTT (Cleland reagent, 1,4-dithiothreitol, Roche Diagnostics GmbH) and DTNB (Ellman reagent, 5,5’-dithiobis-2-nitrobenzoic
acid 99%, Sigma Aldrich) stock solutions were prepared in PB at concentrations of 1 mmol L. Before each experiment, DTT
and DTNB solutions were diluted to 20 and 150 umol L1, respectively.

1,4-NQ (1,4-naphthoquinone, Fluka puriss p.a. > 98.5%) and 9,10-PQ (9,10-phenanthraquinone, Sigma Aldrich, 99%) were
dissolved in absolute methanol (Biosolv) to prepare stock solutions at 492.5 and 495 pmol L™ in amber bottles. Cu?*
(CuS04.5H,0, Merck, Emprove, > 98.5%) was dissolved in PB to prepare stock solutions at 500 pmol L in a PFA bottle.

Target concentration solutions (Table 2) were prepared by diluting the stock solution with PB solution prior to experimentation.

2.2.2 Laboratory sensitivity tests

The online OP measurement device has been tested in the laboratory using various model compounds. These compounds are
redox-active organic and metal compounds that were selected based on those reported in the literature as key reactive species
for the DTT test (Charrier and Anastasio, 2012; Kumagai et al., 2002). The sensitivity of the system was determined by
injecting the model compounds at five different concentrations listed in Table 2 into the online system. Injection is carried out
by bypassing the PILS at the 4-way 2-position valve (Figure 1) and begins with a blank (PB), gradually increasing the
concentration of a given model compound. A blank test with PB is performed between each new concentration to correct for
any progressive increase associated with DTT ageing using linear regression. Each test was repeated 3 times. This allowed us
to determine the response functions between DTT consumption (OPP™T in nmol mint) and the concentrations of the various

model compounds, as well as the determination of the linear range of the latter.

Table 2. Concentration tested for each model compound.

Model compound | Concentration range (umol L)
9,10-PQ 0.06,0.12, 0.48, 0.95, 1.9
1,4-NQ 0.05,0.1,0.5,1,5
Cu(ll) 0.1,05,1,5,10

The response time (tr) of the analytical section was determined through using model compounds. It was defined as the time
required for the absorbance to change from 10% to 90% of the total variation towards the final steady state following a change
in the input (either PB or the model compounds). The measured tg values ranged from 90 to 300 s, with faster responses

observed for larger absorbance variations. For subsequent calculations, the longest tr (5 min) was used.
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2.2.3 Simulation chamber measurements

The second stage of evaluation of the online OP measurement system was carried out in the CESAM atmospheric simulation

chamber (French acronym for Experimental Multiphasic Atmospheric Simulation Chamber; https://cesam.cnrs.fr/; (Wang et

al., 2011a). CESAM is a 4.2 m3 stainless steel reactor used to generate controlled and/or realistic concentrations of air pollutant
mixtures (particles and gases) (Georgopoulou et al., 2024).

The setup is displayed in Figure 2. The experimental protocol involved the continuous injection of carefully selected mixtures
of primary pollutants in order to simulate a complex urban atmosphere with primary and secondary species. For gases,
primarily nitrogen monoxide (NO) and biogenic and anthropogenic volatile organic compounds (VOCs) were injected, i.e.,
methylglyoxal (Sigma Aldrich), toluene (R.P. Normapur®, PROLABO), m-xylene (Touzart & Matignon), tridecane (Sigma
Aldrich, > 99%), and a-pinene (Sigma Aldrich, > 97.5%). For particles, black carbon (BC) was generated via the combustion
of wood pellets in a controlled oven setup at 400°C to simulate biomass burning sources. The BC generation occurs within a
buffer chamber (namely “Pellets chamber”), which enables the injection of particles into the CESAM chamber in defined
pulsed sequence. Transition metals (Fe, Cu, and Mn), characteristic of vehicular non-exhaust emissions (Birmili et al., 2006;
Pant and Harrison, 2013), were introduced using an atomizer (TSI, model 3075) with an aqueous solution of 50, 2.5 and 2.5
umol L of FeS04.6H,0 (R.P. Normapur® PROLABO, 99%), CuS0O4.5H,0 (Aldrich, > 98%), and MnSO4H,0 (Rectapur®,
99%), respectively. Ammonium sulfate (NH4).SO. (Sigma Aldrich, 99.9999%), was also injected by atomizing an agqueous
solution of 2.5 mmol L™ to promote the nucleation and growth of secondary organic aerosols (SOA). Photochemical reactions,
initiated by three 6.5 kW high-pressure arc xenon lamps (MH Diffusion® MacBeam™ 4000) in the presence of NO and VOCs,
led to the formation of ozone (O3), SOA, and other reactive species (e.g., OH, H,O, ; Badali et al., 2015; Manfrin et al., 2019)
that are not analyzed. To observe the cumulative effect of atmospheric pollutants on OP, experiments began with a simple
initial pollutant mixture, to which species were progressively added, and their concentrations increased. This design enabled
the evaluation of the OPP™T response to increasingly more complex pollutant mixtures and photochemically driven processes
under conditions approaching those of real ambient air scenarios.

Aerosol particle size distribution between 5 and 800 nm was measured using a DMPS (Differential Mobility Particle Sizer,
Tropos). The number of particles was determined using a CPC (Condensation Particle Counter, CPC 3750, TSI). The chemical
composition of non-refractory (NR) PM; particles was monitored using a ToF-ACSM (Time-of-Flight Aerosol Chemical
Speciation Monitor, Aerodyne). The mass concentration of particles was determined from DMPS measurements by using the
average density calculated with ToF-ACSM measurements. Black carbon was measured using an aethalometer (AE33, Magee
Scientific). Metal concentrations were obtained using an Xact® 625i (Cooper Environmental). The OPPTT online measurement
system was connected directly to the simulation chamber via a 3-way manifold. Particle-free OPP™T blanks were performed by
pumping air through a HEPA filter (Fig. S1). Regarding the gas-phase composition, the mass concentrations of Os, nitrogen

oxides (NOx) and sulfur dioxide (SO;) were measured using Horiba® analyzers.
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Figure 2. Schematic diagram of the CESAM chamber setup.
2.2.4 Calculation of OP

In the absence of harmonized protocols for measuring OPP™T, particularly for online measurement techniques, it is challenging
to produce results that can be consistently compared with those in the existing literature. To address this issue, we express our

laboratory results as DTT consumption through the OPP™™ (nmol min-t) using Equation (1):

(PB Abs — Sample Abs)
Slope (mLmol™1)

OPPTT (nmol min™1) = f x X Reaction Liquid Flow Rate (mL min™1), (1)

Where: f is the dilution factor introduced by the addition of DTNB prior to absorbance measurement (f = 2), “PB Abs” is the
absorbance of the analytical blank (412 nm corrected using the 600 nm absorbance), estimated at the time of sample analysis
using linear regression of successive blank measurements to correct for DTT ageing; “Sample Abs” is the corresponding
baseline-corrected absorbance of the sample ; the slope of the calibration curve corresponds to the relationship between
absorbance and DTT concentration in the LWCC; and the reaction liquid flow rate is 0.5 mL min-L.

We further express an air volume-based OP,P™T (nmol min-t m=) as a function of the air sampling volume (Vair, m%), calculated

as the air sampling flow rate of the PILS multiplied by the response time (tgr) of the system (see section 2.2.2) using Equation

(2):
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DTT
OPPTT = Z—, )
ValT‘

The OP,PTT is thus the number of moles of DTT oxidized per minute for one cubic meter of air.

This approach provides a robust framework for quantifying OP,P™" under variable atmospheric conditions. It also contributes
to the establishment of a standardized method for continuous online OP measurements.

An explanatory analysis was conducted to identify parameters that most strongly influence the observed OP,P™". To achieve
this, a multiple linear regression was applied using OP,P™" values and chemical data obtained from the simulation chamber

measurements. All calculations were performed using the scikit-learn library in Python.

3 Results and discussion
3.1 Laboratory sensitivity tests

Laboratory blank tests were conducted using PB solutions. The resulting DTT consumption rate in PB blanks averaged 0.062 +
0.018 nmol min.

Figure 3 illustrates the sensitivity of our online OPPTT instrument towards different species. It shows the linear relationship
between the DTT consumption rate and the concentrations of 9,10-PQ, 1,4-NQ, and Cu (Il). The same laboratory test was
performed, with Fe (I11) concentrations ranging up to 50 pmol L1, but no significant reactivity was observed. The reported
concentrations correspond to the those injected into the system. Each concentration level was analysed in triplicate to assess
measurement repeatability. The homogeneity of variance between the triplicate datasets was confirmed with 99% confidence
(Cochran’s test) for both 9,10-PQ and Cu (1) across the tested concentration ranges. By contrast, measurements for 1,4-NQ at
a low concentration (0.05 pmol L) did not meet the criteria of Cochran’s test at the 99% confidence level and were therefore
discarded. The measured DTT consumption rates are lower than those previously reported in the literature (e.g., Charrier and
Anastasio, 2012; Ghanem et al., 2021). For example, Charrier and Anastasio (2012) reported a DTT consumption rates of 0.88
umolprr L mint and 0.71 + 0.09 pmolprr Lt min for 1 uM of Cu (I1) and 0.05 pM of 9,10-PQ, respectively. Given the 3
mL reaction volume, this corresponds to 2.64 nmolprr mint and to 2.13 + 0.27 nmolprr min? for Cu (1) and 9,10-PQ,
respectively. This discrepancy is likely attributable to differences in the assay’s conditions, including the initial DTT
concentration, which is known to affect reaction kinetics (Lin and Yu, 2019), as well as the sensitivity of the analytical method
(Sameenoi et al., 2012). Nevertheless, assuming initial rate of DTT loss remains proportional to the concentrations of redox-
active species, the response remained linear within the following ranges: between 0.06 and 0.95 pumol L™! for 9,10-PQ, from
0.1 to 5 pmol L for 1,4-NQ, and between 0.1 and 10 umol L for Cu (I1). Notably, 9,10-PQ showed a higher reactivity with

DTT compared to 1,4-NQ, which is consistent with previous literature (Charrier and Anastasio, 2012).

Based on the regressions, we calculated analyte-specific LODs (umol L) of the measurement system for each compound as

three times the intercept uncertainty divided by the slope (Miller and Miller, 1993). To convert these values to equivalent
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atmospheric concentrations (ug m%), we accounted for the PILS sampling, rinsing flow rates and its sampling efficiency
(Sect. 2.1.1). The resulting LODs were 0.02, 0.18, and 2.0 umol L for 9,10-PQ, 1,4-NQ, and Cu (ll), respectively,
corresponding to 0.09, 0.56, and 2.56 pg m in the atmosphere. For each analyte, a linear response of DTT consumption was
observed over the concentration ranges tested in the laboratory (9,10-PQ: 0.09-4.28 pg m=; 1,4-NQ: 0.56-15.6 pg m; Cu
(11): 2.56-12.8 pug m3), with no deviation from linearity within these ranges. No saturation of the DTT response was observed
within the tested concentration ranges for Cu and 1,4-NQ. However, for 9,10-PQ, deviation from linearity was observed at the
highest concentrations tested, indicating that the upper limit of the linear dynamic range was reached under these conditions
(atmospheric-equivalent concentration of 8.55 g m3).

The atmospheric-equivalent LODs are relatively high compared to the ambient concentrations observed at various urban
locations in Europe (Liu et al., 2024; Pietrogrande et al., 2022; Ringuet et al., 2012) (Cu: 5-20 ng m™3; see supplementary
Tables 3 and 4 in Mishra et al. (2026) for 1,4-NQ: < 0.47 ng m?and 9,10-PQ: < 1.20 ng m). However, these copper
concentrations can be observed in some micro-environments such as railway environments (2.52 pug m-; Queron et al., 2022)
or in some occupational settings (smelters: 120 ug m ; Haase et al., 2021). However, the upper limit of linearity for 9,10-PQ

was reached during experiments.

The reproducibility of these results on both analytical blanks and model compounds serves as a proof of concept of the
prototype's functionality. However, it is important to note that the obtained LODs for model compounds correspond to
relatively high atmospheric concentrations compared to actual ambient levels. In addition, it should be acknowledged that
under real operative conditions, DTT decay is the results of the reactivity of a complex mixture and not only an isolated

compound as tested here.

12
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Figure 3. Blank corrected OPPTT (nmol min) as a function of concentration of redox-active species (9,10-PQ in green, 1,4-NQ in
blue and Cu (1) in orange). Error bars correspond to the standard deviation of the three replicates and the dotted line to the linear
regressions. The box in the lower right shows a zoomed view of the range from 0.01 to 2 on a logarithmic scale, thus linear regressions

appear curved.
3.2 Simulation chamber measurements

The online measurement device was tested for continuous online measurements of several sources in the CESAM simulation
chamber. Although our prototype measures OP,PTT with a resolution time of 5 minutes (Fig. S2), all datasets were reprocessed

and at a unified temporal resolution of 15 minutes to enable a comprehensive analysis. This was done according to the lowest

time resolution of other analytical instruments (i.e. 15 minutes for online metal analysis).

Figure 4 displays the time-resolved OP,PT" alongside the number and mass concentrations of particles, the chemical
characterization of the simulated atmospheric environment including redox-active metals, BC concentrations, and the relative
proportions of chemicals in the NR-PM;. This representation illustrates how OP,°™" evolves dynamically in response to
increasing pollutant concentrations, mixing, and ageing. Grey shaded areas indicate OP,°™" blank measurements (HEPA-

filtered air sampling). The corresponding raw absorbance data are shown in Fig. S1.
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The experiment (Figure 4, April 16) began with the injection of Cu, VOCs, NO, and (NH4).SO4 seed particles into the
simulation chamber. Photochemical reactions were then triggered by activating UV lamps, resulting in the formation of SOA,
O3, and potentially other reactive species (including unanalyzed radicals). Following an initial stabilization period (~90 min),
the simulated atmosphere exhibited an O3 concentration of 90 + 4 ppb and a PM; mass concentration around 41 pg m=. The
NR-PM; fraction was predominantly composed of organic matter (70%) and sulfate (18%). BC was present at a concentration
of around 260 ng m3, and Cu was at 17 ng m=. Iron (Fe) concentration is neither discussed nor presented in Figure 4, since

laboratory calibration has shown that Fe does not induce significant DTT consumption.

Under these initial conditions, the OP,°™" value ranged between 5.20 + 0.03 and 6.61 = 0.02 nmol min'* m™. Beginning at
13:00, Mn was progressively injected, reaching 15 ng m= by 15:00. Organic aerosol (OA) concentrations also increased from
28 to 35 pg m3. This coincided with an increase in OP,P™T to 8.69 * 0.05 nmol min"t m=, while Oz and Cu concentrations
decreased. These changes suggest a compensatory oxidative contribution from Mn and/or OA.

From 16:00 to 18:30, the OP,PTT increased to 12.98 + 0.04 nmol min"* m, concomitant with a continuous increase of OA and
BC concentrations up to 61 pug m= and 680 ng m3, respectively. After a slight increase, Cu and Mn concentrations remained
stable. During this period, the total number of particles and O3 levels remained relatively stable, supporting the hypothesis that
the increase in OP,PTT was primarily driven by high levels of OA and BC concentrations, with some contribution from redox-
active metals. After 18:30, OP,P" displayed a decreasing trend down to 9.88 + 0.03 nmol min*t m, concomitant with a small

decrease in redox-active metals, while OA mass concentration, BC, and O3 levels remained stable.

In a subsequent experiment (Figure 4, April 17), no VOCs were injected, and UV lamps were not activated. Therefore, the
simulation chamber was devoid of SOA (OA < 35% of NR-PM; and < 22 ug m), ozone (Os < 5 ppb), and reactive species
photochemically produced. The presence of OA can be attributed to the injection of BC from the combustion of wood pellets
as a pulse between 11:00 and 14:00 (not shown on Figure 4 for 17/04). Despite an initial atmosphere containing elevated levels
of BC (546 + 48 ng m®) and Cu (40 + 5 ng m), lower OP,®™" values were measured, around 2.48 + 0.07 nmol min™* m™,
OP,P™T increased until 17:00, up to 4.38 + 0.04 nmol min™t m3, in line with the increase in Mn concentration (from 0 to 14
ng m=<), PM; mass concentration (from 62 to 70 pg m) as well as a decrease of OA proportion (from 35% to 25%), due to the
pulse injection of BC and the dilution of the chamber. After 17:00, however, the OP,PTT values remained stable while Mn and

Cu concentrations increased up to 50 ng m and the OA proportion decreased to 20%.
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Figure 4. Time-resolved OP\°TT and chemical characterization of the simulated atmospheres in the CESAM chamber for two
consecutive days: photochemical experiment on the left and non-photochemical experiment on the right, separated by slashes. Grey
shaded areas indicate OP\P™T blank measurements (HEPA-filtered air sampling). Points show the 15-min average with standard
deviation error bars. For OP\P™T, error bars represent the 95% confidence interval of 15-min averaged value, computed from 1 Hz
measurements using the t-student test. An increasing trend of OP\PTT is observed during the photochemical experiment along with
an increase of PM1 and transition metal mass concentrations, while the non-photochemical experiment shows lower values while
displaying similar to higher levels of PM1 and transition metal mass concentrations but lower levels of ozone and organic aerosol
(OA). This contrast illustrates the central role of photochemical processes in driving aerosol oxidative potential.

3.3 Discussion on photochemistry and OP sensitivity

OP,P™T values obtained under non-photochemical conditions (April 17) remained consistently lower than those measured
during experiments involving active photochemistry (April 16), despite higher concentrations of redox-active metals and
similar PM; mass concentrations. Two hypotheses have been postulated to explain these observed differences: first, a direct
effect of decreasing O3z concentrations; and second, an absence of photochemically produced species. To investigate this, we
conducted dedicated experiments on a controlled test bench generating O3 and NO; under stable conditions (Ghazaly, 2019).
Over the tested concentration range (O3z: 0-120 ppb; NO2: 0-520 ppb), no measurable DTT decay was observed, suggesting
that neither O3 or NO; directly contribute to DTT consumption under these conditions. This emphasizes the additional
contribution of photochemically produced species such as SOA as well as the hydroxyl (OH), hydroperoxy (HO>), and organic
peroxy (RO) radicals, to the total oxidative potential (Campbell et al., 2024; Jiang and Jang, 2018; Tuet et al., 2017)3%656¢,

During the photochemical experiment, OP,PTT exhibited a decreasing trend towards the end of the experiments, although OA
proportion and PM; concentration levels were stable. Since BC was injected as a pulse (Figure 2), it is possible that the
associated reactive species such as quinones underwent ageing processes resulting in lower intrinsic reactivity, as previously
suggested by Jiang and Jang (2018). In addition, although O3 levels remained relatively constant after 18:00, concentrations
decreased slightly in comparison with 16:00-18:00 values (from 90 to 80 ppb), which may reduce formation rates of reactive
species, which could explain the lower OP,°™T measured. Such rapid variations in OP,°™" are expected under real urban
conditions (traffic plumes, photochemical episodes), highlighting the limitations of 24 h-integrated offline approaches for

exposure assessment.

In contrast, during the non-photochemical experiment, our results align with the known redox activity of manganese and
copper, which has been shown to contribute significantly to DTT consumption (Charrier et al., 2015, 2016; Charrier and
Anastasio, 2012; Ghanem et al., 2021). Yet, despite their elevated concentrations, OP,P™" appears to have reached a plateau,
as recently observed for Cu by Barbero et al. (2025). This behavior may be attributed to a saturation effect, as previously
described for Cu (1) and Mn (11), reflecting the nonlinear nature of DTT-metal reactivity (Charrier et al., 2016; Charrier and
Anastasio, 2012; Ghanem et al., 2021). A two-stage kinetics involving formation of [DTT-Cu] complex (Kachur et al., 1997),
may also contribute to limiting its reactivity with DTT.
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To complement this interpretation, we conducted a multiple linear regression analysis on the dataset from the CESAM
simulation experiments. The limited number of data points and the collinearity between the parameters prevent us from
interpreting the model correctly. Nevertheless, analysis of the bivariate relationships reveals that OA mass concentration is the
main driver explaining the variance (> 80%) in OP,P™". This result further supports the predominant role of photochemically
derived organic species in driving the oxidative potential of the aerosol.

3.4 Limitations and operational considerations

It must be noted that the actual design of our instrument does not account for potential absorption by chromophoric components
at 412 nm (e.g., brown carbon ; Basnet et al. 2024). Such species may contribute to the measured absorbance independently
of DTT consumption, potentially leading to an increase of the DTT concentration and thus an underestimation of OP,P™". This
effect was not explicitly corrected for in the present study and therefore represents a limitation of the current system. Future
developments will include multi-wavelength approaches or direct sample absorption measurement to better constrain matrix

absorption.

Due to the use of PILS sampling, water-soluble gaseous species may also be incorporated into the liquid phase and contribute
to the measured OP,P™". While our results suggest that neither O3 or NO; directly contribute under the tested conditions, the
potential contribution of other reactive gas-phase species cannot be excluded. Therefore, the measured OP,°™" should be
interpreted as an integrated signal reflecting both particulate and dissolved gas-phase species. Future work will also focus on
quantifying the respective contributions of water-soluble gaseous species and particulate matter to the total OP,P™T signal by
performing complementary measurements under particle-free conditions (using HEPA filter) gas-free conditions (using

denuders).

The stability of the DTT reagent was monitored throughout the day by performing regular blank measurements, including
filtered air blanks and analytical blanks, using a 4-way, 2-position switch valve (see Sect. 2.1.1). This methodology facilitates

the monitoring of DTT ageing over time, and the resulting signal drift was corrected using linear regression.

Regarding system maintenance, routine cleaning procedures were implemented to ensure stable operation and minimize
contamination. The system was thoroughly rinsed with ultrapure water (Milli-Q®, 18.2 MQ.cm, TOC < 5 ppb) and PB prior
to and at the end of each measurement day. In addition, an acid cleaning step was performed before and after each measurement
campaign using a diluted nitric acid solution (0.05% v/v, from 67% ultrapure HNOs, VWR International) to remove any
potential metal residues and prevent memory effects. Inline filters were also replaced on a daily basis to avoid particle
accumulation. These procedures ensured stable baseline conditions and contributed to the overall reproducibility of OP,PTT

measurements.

17



435

440

445

450

455

460

https://doi.org/10.5194/egusphere-2026-4293
Preprint. Discussion started: 30 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

The present configuration allows OP,PTT measurements at high-temporal resolution (5-min), but requires continuous reagent
supply. Under pre operating conditions, the system can run autonomously for 20 hours, after which reagents (DTT, DTNB and
PB) must be replenished. As a result, the instrument is presently better suited for event-based studies, rather than for long-term
autonomous deployment in routine regulatory or epidemiological monitoring. However, the system autonomy can be extended
by optimizing operational parameters, such as reducing flow rates and increasing reagent reservoir volumes, and ongoing

efforts are directed toward improving long-term stability and operational robustness.

4 Conclusion

The inclusion of OP in the new European air quality directive marks a significant turning point in air quality policy (European
Parliament, 2024). Regulatory attention is increasingly focused on aerosol toxicity, acknowledging that not all particles have
comparable health implications, and that some can exhibit high reactivity, even at low concentrations (Kelly and Fussell, 2012).
In this context, a new online system for measuring oxidative potential has been developed. It is based on the dithiothreitol
assay (OP,PTT) and the direct-to-reagent approach. This system facilitates real-time assessment of the OP,P™T, with high

temporal resolution, eliminating the need for offline sample processing.

The system successfully monitored the OP,°™" under transition metal concentrations (e.g., Cu and Mn), BC, and Oj levels
within ranges commonly reported for European urban environments (e.g., < 20 ng m= for Cu and Mn ; Poulakis et al., 2015).
Although PM;, ranging from 38 to 98 pg m3, and organic aerosol levels exceeded the European urban average background,
they remained consistent with the ranges reported in Asian megacities (Huang et al., 2014; Liu et al., 2012; Yang et al., 2022)

or during pollution events in Europe (Bressi et al., 2016).

Beyond method development, the present study provides new insights into the drivers and dynamics of aerosol OP under
controlled yet atmospherically relevant conditions. Chamber experiments revealed that OP,P™" is strongly influenced by
photochemical processes, with significantly higher values observed under conditions promoting secondary formation
compared to experiments without photochemistry. This controlled environment enabled us to move beyond simple correlations
and directly attribute changes to specific additions of pollutants (Mn as an illustration) or the activation of photochemical
processes. This provide a mechanistic understanding of the instrument's response that is impossible to obtain from ambient
field data. This emphasizes the substantial role of photochemically produced species in driving OP,P™", even in the presence
of redox-active metals such as Cu and Mn. The high temporal resolution (5-minutes) of the system facilitates a more
comprehensive understanding of the relationship between OP and emission sources, with a particular focus on short-term

atmospheric processes that traditional sampling strategies are unable to resolve.
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This study represents the initial evaluation of the instrument, establishing its sensitivity, stability, and response to key processes
under controlled conditions. This rigorous, stepwise validation is a necessary prerequisite before its deployment in complex
ambient environments, which is the focus of our ongoing research. While the instrument has not yet been validated for routine
field deployment, these results highlight the potential of high time resolution OP measurements to provide new opportunities

to better characterize exposure, and to improve and refine mitigation strategies aimed at reducing PM-related health impacts.

Future work will focus on deploying this instrument in ambient environments to further investigate the influence of SOA and
transient reactive species on OP. In parallel, more work is required to align the emerging online OP measurement approaches,
with the objective of facilitating cross-study comparability and supporting the development of standardized protocols. A direct
intercomparison with established offline DTT methods will also be conducted as part of future field studies, in order to

benchmark the system while further assessing the added value of high-time-resolution online measurements.
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