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Abstract. Particulate Matter (PM) and gaseous pollutants
can carry or induce the production of Reactive Oxygen
Species (ROS) in the lung environment, causing oxidative
stress, a key factor in the development of cardiovascular and
pulmonary outcomes. Over the past decade, numerous tech-
niques have been implemented to assess the Oxidative Po-
tential (OP) of aerosols, i.e., their ability to oxidise the lung
environment as an initial proxy of subsequent biological pro-
cesses. Offline measurements from filters collected from air
samplers are widely assessed but are probably underestimat-
ing PM redox activity due to the short lifetime of several ROS
and/or the loss of the most volatile compounds on filters in
a non-proportional and unsystematic way. This study intro-
duces a new device, called ROS-Online, allowing the auto-
matic and near real time measurement of two complementary
OP assays, OP Ascorbic Acid (OPAA) and OP Dithiothreitol
(OPDTT), sensitive to ambient PMs at mass concentrations
about [PM10] ∼ 20 µg m−3. The ROS-Online device is de-
signed to reproduce the exposure and interaction of airborne
particles with the respiratory system. ROS-Online consists
of three main modules: (i) an air sampling module using a
BioSampler® to collect airborne PM, (ii) a distribution mod-
ule that transports samples and reagents to (iii) a measure-
ment module that relies on spectrophotometric methods to
monitor chemical reactions in real time. Its operation is based
on established OPAA and OPDTT protocols, ensuring com-
parability with existing offline OP measurement methods.
Compact and transportable (75× 65× 170 cm, 85 kg), ROS-
Online is designed for deployment in air quality monitoring

stations and allows for autonomous operation over 2 weeks.
With a high particle collection efficiency (> 90 % by mass
for PM1 and PM2.5) and greater sensitivity than offline meth-
ods, it provides accurate and reliable results across a wide
range of aerosol concentrations, from urban backgrounds to
highly polluted environments. The qualification of the device
demonstrated an excellent correlation with offline methods
for both OPAA and OPDTT measurements (r > 0.96), over
positive controls, confirming the reliability and specificity of
ROS-Online for continuous atmospheric aerosol OP moni-
toring. ROS-Online was deployed in the field, in an urban
background site, where OPAA of ambient air was measured
for 15 continuous days and OPDTT for 6 continuous days.
Results showed a good correlation with ozone (O3) signal
(R2
= 0.74), underlying the importance of considering pollu-

tants’ interaction in OP measurements, as laboratory experi-
ment showed no OP response when introducing O3 alone into
the instrument. Comparison of ROS-Online measurements
with established offline methods showed an excellent corre-
lation for both AA and DTT assays (r > 0.96), supporting
its reliability for atmospheric monitoring. These preliminary
results mark an important step towards establishing ROS-
Online as a viable and effective tool for OP assessment in
future research and monitoring endeavours.
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1 Introduction

Air pollution has emerged as a critical public health issue
and its exposure is considered to be the second most im-
portant risk factor for the total death rate for all sexes and
ages in 2021 (State of Global Air Report 2024). An estima-
tion was made of 8.1 million premature deaths worldwide in
2021, attributed to poor outdoor and household air quality
due in large part to the significant contribution of particu-
late matter (PM) (WHO, 2023). This finding is drawn from
cross-sectional studies based on mass concentrations of par-
ticulate matter (PM) in ambient air combined with health
and mortality data. A significant number of epidemiologi-
cal studies have linked some cardio-respiratory diseases and
cancers, such as heart disease, stroke, diabetes, lung can-
cer, and chronic obstructive pulmonary disease to particu-
late matter exposure (Manigrasso et al., 2020; Manisalidis
et al., 2020; Qu et al., 2017; Turner et al., 2020). While the
complete mechanisms are not yet fully understood, studies
point out that PM is responsible for generating oxidants in
vivo and inducing inflammation, thereby leading to cellu-
lar damage (Møller et al., 2014, 2020). More specifically,
these mechanisms are driven by oxidative stress and in-
volve reactive oxygen species (ROS) carried or induced by
PM (Campbell et al., 2019; Delfino et al., 2013; Strak et
al., 2012), and redox-active transition metals which, depend-
ing on their oxidation state, may participate in ROS pro-
duction or act as direct oxidants, but also by certain trace
gases (Dovrou et al., 2021). Trace metals are also recog-
nized contributors to oxidative stress due to their catalytic
redox properties. Such mechanisms and rates of ROS pro-
duction rely on the composition of the aerosol such as the
presence of oxidised polyaromatics hydrocarbons (OPAH),
organic peroxides (ROOR) or transition metals. Recent ad-
vances in the field have emphasized the role of short-lived
reactive species in OP (Campbell et al., 2025) and the impact
of aerosol acidity and ligand-mediated metal solubility on OP
(Shahpoury et al., 2019, 2021, 2024a, b). Furthermore, newer
antioxidant assays are being explored to complement tradi-
tional metrics (Shahpoury et al., 2019). Air quality monitor-
ing policies are currently based on the measurement of PM
total mass, but several studies invite to consider other param-
eters in future regulations since other physico-chemical pa-
rameters, among which, chemistry, size distribution, surface
area, etc., broadly influence PM toxicity (Park et al., 2018;
Song et al., 2021; Wittmaack, 2007). During the last decade,
atmospheric scientists have been developing Oxidative Po-
tential (OP) as a metric accounting for the redox and cat-
alytic properties of PM (Calas et al., 2017; Cho et al., 2005).
Recent studies demonstrated that at least in Europe, the OP
of PM is driven by anthropogenic sources whereas the PM
mass is mainly controlled by secondary inorganic compo-
nents and crustal material, highlighting a different vision of
the sources’ impacts when using PM mass or PM OP (Dael-
lenbach et al., 2020; Weber et al., 2021). Daellenbach et

al. (2020) and Leni et al. (2020) also showed that the as-
sociations between pro-inflammatory lung biomarkers and
PM2.5 were higher for PM samples with the highest OP lev-
els. Those findings strongly promote the health relevance of
the OP metric. The new directive 2024/2881/CE was adopted
on 20 November 2024 for the modification of the Directive
2008/50/EC on air quality in Europe, and specifically ad-
dresses the measurement of OP in airborne particulate mat-
ter. This new directive emphasizes on and recommends the
measurement of OP as part of the broader assessment of air
quality impacts on human health.

In the last 20 years, acellular methods have been developed
to assess the redox activity of PM through various probes
(Bates et al., 2015; Calas et al., 2018; Rao et al., 2020).
Most of them rely on the depletion’s quantification of a lung
antioxidant, or surrogate, when in contact with PM. These
traditional offline methods are widely used, and although
they have a good recovery efficiency of the particulate mat-
ter, they involve bias in the estimation of OP. First, these
methods severely underestimate PM redox activity due to the
very short lifetime of some ROS (such as hydroxyl radicalqOH) and/or the loss of the most volatile compounds (such
as formaldehyde HCHO) in a non-proportional and unsys-
tematic way (Campbell et al., 2025; Jiang et al., 2019). Sec-
ond, they do not allow near-real-time OP estimation, nor the
OP analysis of soluble gases (Carlino et al., 2023). To over-
come such drawbacks of offline methods, semi-continuous
prototypes for the OP measurement of solubilised PM filter
samples and automatic on-site devices have recently been de-
veloped.

Indeed, semi-automatic laboratory methods for ROS anal-
ysis were developed based on the well-known dithiothreitol
(DTT), ascorbic acid (AA) and dichlorofluorescin (DCFH)
tests (Fang et al., 2015; King and Weber, 2013; Yu et
al., 2020). Fuller et al. (2014) have designed a fully au-
tomated, portable and integrated DCFH technique, allow-
ing the PM sampling and solubilisation before their subse-
quent analysis (Fuller et al., 2014). Ambient air measure-
ments at a London urban site confirmed that this device
was sensitive enough to measure ambient ROS in a Euro-
pean urban environment, and showed the relevance of such
instrument into air quality measurement stations (Wragg et
al., 2016). More recently, two separate prototypes were de-
veloped to assess online OP using fluorescence methods, one
based on the OPAA assay and the other on the OPDCFH assay
(Campbell et al., 2019; Utinger et al., 2023). The sensitivity
of this device was tested on several transition metals, bio-
genic and anthropic secondary organic aerosol, and a mix of
them, concluding that the method allowed for OP measure-
ment in polluted urban environments (Campbell et al., 2023).
Puthussery et al. (2018), showed a quasi-continuous data set
over 2.5 months of OPDTT and in a recent paper by Campbell
et al. (2024) a more or less continuous OPAA data set over
three months is shown. Nevertheless, the different OP assays
being sensitive at varying levels to diverse ROS-generating
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compounds (Lin et al., 2022), using several assays is crucial
to provide a wider picture of the redox processes at stake.

The ROS-Online device, a stand-alone prototype for near-
real-time measurement of ambient air OP via two com-
plementary assays, is currently under development at the
Institute for Environmental Geosciences (IGE, Grenoble,
France). The device integrates two independent measurement
lines, allowing the simultaneous measurements of ascorbic
acid OP (OPAA) and dithiothreitol OP (OPDTT). Both tests
are known for their physiological, practical, and economic
advantages, and are widely used in offline methods (Domin-
utti et al., 2025; Mudway et al., 2004; Perrone et al., 2019;
Rao et al., 2020). This device differs from others by assess-
ing both OPAA and OPDTT from a unique atmospheric sam-
ple collected through a BioSampler® (SKC) for both soluble
gases and particulate matter.

The present paper first presents in Sect. 2 the ROS-Online
device and its main characteristics and operating principles.
Section 3 is devoted to the sampler characterisation and ROS-
Online’s response evaluation in a simulated polluted environ-
ment with controlled airflow conditions. Section 4 presents
the calibration of the two OP assays of ROS-Online, includ-
ing an intercomparison with offline measurements, the latter
being routinely implemented at IGE (e.g., Calas et al., 2017,
2018; Dominutti et al., 2023, 2025; Weber et al., 2018). Sec-
tion 5 presents atmospheric measurements using ROS-Online
under real conditions at a traffic site.

2 The ROS-Online device

2.1 Description and main characteristics

ROS-Online simulates pulmonary exposure and interac-
tion with ambient air, aiming to replicate the physiologi-
cal processes of inhalation and respiratory surface contact.
The device is patented (PCT PCT/EP2021/080824, number
WO2022096675, 12.06.2022. Priority: FR 20 11431 ROS
ONLINE). The operating and measurements principles rely
on the existing offline protocols for OPAA and OPDTT. This
choice will allow to compare the overall body of data already
available for offline OP measurements with that produced by
ROS-Online. The prototype is described in Fig. 1 and consists
of three main modules: (i) the sampling module for the am-
bient air collection, (ii) the distribution module, and, (iii) the
measurement module for chemical reaction monitoring. An
additional computer is used for managing the device and all
data processing steps using LabVIEW application.

2.1.1 Offline method and adaptation to ROS-Online

The offline method originally adapted from Cho et al. (2005)
and Li et al. (2009a) is fully described in Calas et al. (2017)
and Weber et al. (2018, 2021). Briefly, particulate matter
(PM) extracts from atmospheric filters (150 mm-diameter
pure quartz fibre filters) during 75 min are introduced into

two 96-well plates maintained under physiological condi-
tions (pH= 7.4, T = 37 °C). To ensure homogeneity, the
mixtures are shaken for 60 s for DTT and 10 s for AA. The
absorbance of the matrix is read after 3 s for DTT and 10 s
for AA. The reactions are initiated by adding AA or DTT to
the respective plates, allowing the antioxidants to react with
PM-induced reactive oxygen species (ROS). AA depletion
is monitored continuously over 30 min at λ= 265 nm using
a plate reader spectrophotometer (TECAN, model M1000
Infinite), and the depletion rate is determined by linear re-
gression. DTT depletion is assessed indirectly by titrating
the remaining DTT with dithionitrobenzoic acid (DTNB)
at specific time points (0, 15, and 30 min). This reaction
produces 5-thio-2-nitrobenzoic acid (TNB), which absorbs
at λ= 412 nm and is measured using another plate reader
(TECAN, model M200 Infinite). Both AA and DTT deple-
tion are quantified using the Beer–Lambert law (Eq. 1):

A= ε ·L · c = log
(
I0

I

)
, (1)

whereA is the absorbance; ε is the molecular extinction coef-
ficient [L mol−1 cm−1]; L is the optical path, i.e., the wells’
depth for the off-line method; c is the followed antioxidant
concentration (AA) or the concentration of its reaction prod-
uct (TNB) in the flow cell [mol L−1], I is the transmitted
intensity of the solution; I0 is the intensity at t = 0 min. Both
AA and DTT consumption rates, ω, are calculated following
Eq. (2):

ω =−s
η0

A0
, (2)

where s is the slope value of the linear regression of the
measured absorbance over time [s−1] ; A0 is the absorbance
at t = 0 min; and η0 is the initial quantity of reagent [mol].
Blanks are performed using filter and field blanks to account
for absorbance due to quartz fibre fragments or potential con-
tamination.

The ROS-Online system automates the previously de-
scribed offline assays for continuous ambient air monitoring.
The flow-based system replicates the essential steps of the
offline protocol while enabling time-resolved measurement
of oxidative potential (OP).

In the AA line, the AA solution and PM sample are first
mixed during withdrawal into the syringe pump. This mix-
ture is then transferred into the flow cell (FC), where the
AA depletion is monitored by UV absorbance at 265 nm for
10 min. In the DTT line, since DTT does not absorb light di-
rectly but its reaction product TNB does, the DTT and sam-
ple are mixed in the syringe pump and stored in a reaction
reservoir for 15 min. After this incubation, DTNB is added
(again via mixing in the syringe pump), producing TNB. This
final mixture is introduced into the FC, where absorbance
at 412 nm is recorded to quantify the remaining DTT indi-
rectly. For both lines, the Beer-Lambert law (Eq. 1) and the

https://doi.org/10.5194/amt-18-7085-2025 Atmos. Meas. Tech., 18, 7085–7104, 2025



7088 A. Barbero et al.: Qualification of an online device for the measurement of atmospheric PM oxidative potential

Figure 1. ROS-Online diagram.

consumption rate formula (Eq. 2) are applied, with the opti-
cal path L corresponding to the flow cell length in this case.
Ultra-pure water (Type 1 Milli-Q®) is used in place of PM
extract for blanks.

The oxidative potential of ambient air is calculated using
Eq. (3), following the approach by Fang et al. (2015, 2016):

OP=
ωrun−ωblank

Vs ·
VFC
VBS

, (3)

where Vs is the ambient air volume sampled by ROS-Online;
VFC the FC volume; and VBS the final sampled volume, con-
sidering evaporation in the sampling device, i.e. a modified
BioSampler® (U.S Patent No. 5,902,385). The BioSampler®

was specifically modified by a glassblower to include a
custom-fabricated bottom outlet, facilitating automated ex-
traction of the collected liquid sample. VBS is calculated from
the initial and final volumes measured via humidity and tem-
perature sensors. Dilution due to reagent addition is negligi-
ble but accounted for via volume correction in data process-
ing.

The sensitivity of ROS-Online enables one complete mea-
surement of both OPAA and OPDTT over a 20 min sampling
period, repeated every 60 min in moderately polluted envi-
ronments such as European urban background sites. ROS-
Online is designed as a mobile, rack-mounted instrument
(75× 65× 170 cm; 85 kg), requiring ∼ 800 W of power and
an operating environment of 15–30 °C. All components are

temperature-controlled. The system is field-deployable and
can be operational within a few hours. The current design
supports autonomous operation for approximately 2 weeks,
limited by ultra-pure water consumption and storage.

2.1.2 Prototype features

Airborne PM and soluble gases are collected into a
BioSampler® filled with 20 mL MQ water by pumping
ambient air at a constant flow rate of ∼ 10.5 L min−1.
This airflow is monitored by using a Venturi flow meter.
The BioSampler® nozzle section contains three tangential
0.630 mm nozzles that act as sonic orifices that maintains
a pressure drop of ∼ 0.5 atm or more across the sampler
at normal atmospheric conditions (sonic flow) (BioSampler,
2024). Nebulisation of the water is generated via the nozzles
during vacuuming ensuring optimal gas/liquid exchange and
homogenisation of the solution. No physical filters are used
inside the BioSampler®; particles are directly collected into
MQ water. The BioSampler® is kept in a controlled chamber
at a temperature of 37 °C. During sampling, a fraction of the
water in the BioSampler® reservoir can evaporate due to the
temperature differential between the ambient air and the ther-
mostated sampling chamber (37 °C). To monitor this, ROS-
Online is equipped with temperature and relative humidity
sensors at the inlet and outlet of the BioSampler®. These data
allow the estimation of the actual volume of liquid remaining
at the end of the sampling period. Since the oxidative poten-
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tial (OP) is expressed per cubic meter of air sampled (Eq. 3),
the corrected final sample volume is essential for accurate
post-processing and normalization. It is important to note
that DTT as well as AA and DTNB are added after the sam-
pling step, during the controlled reaction phase, and always
in fixed volumes. Therefore, evaporation during sampling
does not affect the reagents concentrations in the reaction,
but only the total sampled air volume used to calculate OP.
The device requires fluids for air sampling, rinsing between
each measurement, and to perform OPAA and OPDTT mea-
surements following protocols described above. A 20 L Jerry
can (GDPE Nalgene®) of MQ water automatically feeds a
heated glass tank (1 L) that delivers water for collection and
reactions at physiological temperature, this tank is kept on
a magnetic stirrer to ensures homogeneous temperature dis-
tribution and prevents stratification. Tanks containing AA
(185 µM), DTT (2.12 mM) and DTNB (2.12 mM) solutions,
being in phosphate buffer at pH= 7.4, are sheltered from the
light and stored at T = 4 °C in a cooler and refreshed every
10 to 12 d. The rinsing solution (HNO3 0.1 % in MQ water) is
stored in 2 L tank. All fluids are distributed by two 8-channel
syringe pumps (PUMP Cadent 6 48K Level 3 – Norgren)
via PTFE tubing (1/16′′). In the AA line, the AA solution
and the sample are first mixed inside the syringe pump dur-
ing withdrawal. The resulting mixture is then introduced into
the flow cell (FC), where the reaction is monitored by spec-
troscopy at 265 nm over 10 min. In the DTT line, since DTT
itself is not absorbing but its reaction product (TNB) is, the
DTT and sample are also first mixed in the syringe pump and
then transferred to a reservoir to allow the reaction to proceed
for 15 min. Subsequently, DTNB is added – again mixed with
the reactive mixture in the syringe pump – and the resulting
TNB is measured in the FC for absorbance measurement at
412 nm.

2.1.3 Spectrophotometric monitoring of the reaction

Each line of measurement has its own {light source +
spectrophotometer} couple: {ILR-ZZ01-Z265-LS0xx-SC201
(Stanley)+MAYA 2000 Pro (Ocean Optics)} and {M415F3
(Thorlabs) + MAYA 2000 Pro (Ocean Optics)} for the
AA and DTT assays respectively. For kinetic monitoring of
the reaction, AA+PM and DTT+DTNB+PM mixtures
are pushed respectively into two microfluidic Z-flow cells
(100 mm PEEK − IDIL), equipped with pressure controllers
to avoid bubble formation that could compromise the ab-
sorbance measurement.

2.1.4 Comparison with other online devices

This section is intended to highlight how ROS-Online com-
pares with existing instruments previously deployed for
real-time OP measurements. Several automated and semi-
automated prototypes characterising OP have been reported
in the literature. Fang et al. (2015) and Gao et al. (2017)

adapted the widely used OPDTT measurement, while Camp-
bell et al. (2019) proposed a fully automated prototype based
on AA chemistry following the design presented in Wragg
et al. (2016). Eiguren-Fernandez et al. (2017) developed an
online monitor which combined a liquid spot sampler and
a chemical module optimized for online OPDTT measure-
ments. Finally, Yu et al. (2020) set a multi-endpoint anal-
yser including both OPAA and OPDTT assays. It should be
noted that initial concentrations of reagents differ from one
study to another as well as some of the experimental condi-
tions. For example, the solubilisation medium used to solu-
bilise airborne PM do not present the same chemical com-
position for each device (see discussion below). As shown
in Table 1, comparison for both assays with other devel-
oped prototypes concludes to a much better background
noise or blank for ROS-Online. The limit of detection (LOD)
of ROS-Online was defined as LOD=ωblank−mean+ 3 σ ,
where σ is the standard deviation calculated over n mea-
surements of pure MQ water blanks (Fang et al., 2015;
King and Weber, 2013). ROS-Online LODs for OPAA

and OPDTT assays in standard operation conditions were
(0.58± 0.24) pmol min−1 (n= 342 over a period 15 d) and
(25.4± 4.0) pmol min−1 (n= 118 over a period of 6 d), re-
spectively. In comparison, LOD for IGE’s offline meth-
ods were (6.70± 0.78) pmol min−1 (OPAA assay, n= 36)
and (19.93± 3.01) pmol min−1 (OPDTT assay, n= 36). ROS-
Online is about twice more sensitive in measuring OPAA than
the offline IGE method and exhibits an equivalent sensitiv-
ity than the OPDTT assays in the already published online
methods. As shown later, such a sensitivity allows OP mea-
surements over 20 minutes in operating conditions for the
European environments we studied. Calibration experiments
with artificial solutions of PM redox components like CuCl2
or phenantroquinone (PQN) (more information in Sect. 4)
show that ROS-Online exhibits linearity over a high dynamic
range of concentrations for these species. This is possible be-
cause ROS-Online allows large antioxidants depletions, i.e.,
high value of s in Eq. (2), from few pmol min−1 to thou-
sands of pmol min−1 or hundreds of pmol min−1 for AA and
DTT assays, respectively. This result let us assume that ROS-
Online could be employed in very polluted environment (in-
dustrial sites, mining industry, smog cities etc.). The com-
parison with consumption rates (ω) achieved for calibrations
in other studies (Table 1) highlights the influence of reactant
concentrations on OP values. The signal to noise ratio (SNR)
of ROS-Online is calculated for each assay following Eq. (4):

SNR=
∑t=2

t=0

It

σI
, (4)

where It is the intensity (arbitrary units) of the spectropho-
tometric measurement of the sample at different times: t = 0
– reference, only MQ water is introduced in the measuring
cells; t = 1 – start, the sample is introduced in the FC and the
intensity is monitored after 60 s of reaction; and t = 2 – end,
the intensity read at the end of the reaction, i.e., at t = 10 min
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for AA and t = 15 min for DTT. σI is the standard devia-
tion on the intensities over 6 d of atmospheric monitoring.
The maximum SNRs measured for AA and DTT assays were
(39± 2) and (23± 5), respectively. Therefore, ROS-Online
presents good sensitivity and low limit of detection (LOD),
allowing to accurately quantify small variations in OPAA and
OPDTT responses in near-real-time measurements of atmo-
spheric PM.

3 ROS-Online response under semi-controlled
environment

A laboratory test-bench was used to characterize the re-
sponse of the ROS-Online to atmospheric components under
semi-controlled operating conditions. This was performed on
a bench from LOCIE (Building Energy Processes Labora-
tory) in University of Savoie-Mont Blanc, Chambery, France.
These tests aimed at evaluating the ability of ROS-Online
to capture PMs, by studying the collection efficiency of the
BioSampler® and will be compared to results obtained with
the same device in recent studies (Bøifot et al., 2024; Lin et
al., 2018; Mescioglu et al., 2021). Measurements with spe-
cific particles directed to the inlet of the instrument were
achieved to evaluate the capability of ROS-Online to detect
and measure ambient OP in near real atmospheric conditions.
Figure 2 shows a schematic representation of the experi-
mental set-up made of stainless-steel pipes (internal diameter
72 mm). The carrier gas used is ambient air from the labora-
tory, pre-filtered by a HEPA (U15 -EN1822- with a MPPS, or
most penetrating particle size= 99.9995 %) filter and the air
flow (FI) is controlled by a variable speed fan allowing a flow
rate from 5 to 70 m3 h−1. The bench is also equipped with
thermo-hygrometers measuring the temperature (TI) and rel-
ative humidity (RH) during experiments. Finally, the poten-
tial impact of oxidising gases on the ROS-Online response
was also studied by injecting variable O3 concentrations (in
the 0–50 ppb range) directly at the sampling inlet of the ROS-
Online system.

3.1 BioSampler® characterization of collection
efficiency

A first characterization of PM collection efficiency is carried
out with the BioSampler® only, by sequential opening of the
three-way valve (Fig. 2 – ways A and B) during sampling
times of 15 min. Particle size distribution and PM concentra-
tion within the bench are monitored using two devices: an
optical PM counter (particles range between 0.3 and 20 µm
– model 1.108, Grimm) and a portable scanning mobility
particle sizer, NanoScan® SMPS (nanometric particles 10 to
300 nm – model 3910, TSI Inc.) equipped with a X-ray pre-
neutralization step (model 3088, TSI Inc.) prior to the sam-
ple analyses (Fig. 2). An aerosol of liquid particles is gener-
ated using a nebulizing particle generator (model ATM220,

Topas) supplied with dry and filtered air. A 1 g L−1 KCl so-
lution was used to generate a saline aerosol with normalized
size distribution of particles. Relative humidity and tempera-
tures were 40 % and 25 °C, respectively, the atomisation rate
was set at 1 mL min−1 (or 6.0× 10−5 m3 h−1), and the bench
air-flow was 20 m3 h−1.

This methodology has been commonly used at LOCIE lab-
oratory and described in detail in Chen et al. (2020). Shortly,
the measurement of PM concentration for each ith class of
diameter (n= 3 replicates) was performed between 20 nm
and 5 µm. Firstly, a bypass of the BioSampler® (way-A)
was used to determine the initial injected PM concentration
which was subsequently measured after the air flow passed
through the BioSampler® following the B-way (pink). The
difference of particle number measured by these two ways
allowed to calculate the single-pass fractional collection ef-
ficiency η

(
dp
)

for each class of diameter, which is defined
by:

η
(
dp
)
=

(
1−

NB,i

NA,i

)
· 100, (5)

whereNA,i andNB,i are the number of particles (cm−3) mea-
sured for each class of diameter through A- and B-ways,
respectively. The fractional collection efficiency at different
flow rates calculated using Eq. (5) are reported in Fig. 3. It
shows U-shaped curves which are typically reported in lit-
erature for this type of bio aerosol sampler, thus our results
are consistent with previously reported BioSampler® collec-
tion efficiencies (Bøifot et al., 2024; Guo et al., 2024; Su et
al., 2020).

In this study, efficiencies of BioSampler® were tested
at sampling flow rates of 9 and 11.5 L min−1 in order to
frame the ROS-Online operating value of 10 L min−1. At
11.5 L min−1, the BioSampler® was filled with 10 or 20 mL
of MQ water to evaluate the influence of evaporation. Simi-
lar results were obtained for both flow rates, with fractional
collection efficiencies η

(
dp
)

in the range (34± 9.7) %–
(37.6± 14.6) % at 65 nm and in the range (88.5± 3.5) %–
(100± 7.0) % above 500 nm. The low fractional collection
efficiencies (η

(
dp
)
∼ 40 %) for particles in the range (50–

80) nm are similar to the results reported by Li et al. (2018).
In the size range of 0.5 to 5 µm, the η

(
dp
)

above 90 % are also
consistent with the literature values (Bøifot et al., 2024; Guo
et al., 2024; Su and Vincent, 2004). PM2.5 collection efficien-
cies by mass, recalculated from number distributions, were
close to 82 % to 85 %. Indeed, KCl atomization produces
relatively few large particles, with approximately 70 % of the
total mass carried by particles larger than 300 nm. In contrast,
ambient atmospheric aerosols are typically dominated by ac-
cumulation and coarse mode particles, with studies show-
ing that more than 90 % of the mass is often found in par-
ticles larger than 300 nm in urban background or remote en-
vironments (Brock et al., 2021; Keuken et al., 2013). There-
fore, the reduced collection efficiency observed for particles
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Table 1. Comparison for existing prototypes.

LODAA LODDTT [AA]0 [CuCl2] range ωAA [DTT]0 [PQN] range DTT depletion
(pmol min−1) (pmol min−1) (µM) (µM) (nmol min−1) (µM) (µM) (µmolmin−1)

Fang et al. (2015) − 0.31 103 0.14–0.35 (0.2–2)× 103

Eiguren-Fernandez
− 0.15 0.1 0.025–0.25 (0.25–2.3)× 10−3

et al. (2017)

Gao et al. (2017)
− 0.21 103 0.07–0.28 (0.2–1.3)× 103

Puthussery et
− 0.24 103 0.04–0.20 0.2–1.6

al. (2020)

Yu et al. (2020) 197× 10−6 60× 10−6 2× 104 0.2–1 (2.5–5.0)× 105 103 0.05–0.25 0.75–2.5

This study (0.58± 0.24) (25.4± 4.0) 185 0.005–0.050 0.015–0.041 212 0.05–0.150 0.052–0.099

Figure 2. Schematic diagram of the experimental bench at LOCIE laboratory: the figure shows the set-up for the BioSampler® collection
efficiency experiment.

smaller than 0.3 µm is expected to result in only a limited
loss of total collected mass across the 10 nm to 10 µm range.
However, we acknowledge that in specific environments such
as traffic sites, where freshly emitted ultrafine particles can
contribute more significantly to PM mass, this limitation may
be more relevant (Cheng and Lin, 2010; Gillies et al., 2001).

As shown in Fig. 3 for experiments with different sam-
pling volumes, the loss of sampling liquid through evapo-
ration also reduces the collection efficiency, especially for
nanometric particles (< 100 nm). This is likely because of a
lower aerosolisation of the collection liquid when the dis-
tance between the inlet nozzles and the liquid surface in-
creases. These results suggest that the collection efficiency
for nanometric particles may significantly decline over pro-
longed sampling durations, thereby supporting the choice to
fill the BioSampler with 20 mL of ultrapure (MQ) water in
subsequent measurements.

3.2 Atmospheric OP with semi controlled PM
generation

Four experiments were conducted with artificial solutions
of CuCl2 and Naphthoquinone (NQ), both being major re-
dox components of PM (Ayres et al., 2008; Charrier and
Anastasio, 2012; Kumagai et al., 2002) to evaluate the ROS-
Online response and to highlight the difference in reactiv-
ity of both probes. Experimental conditions are summarized
in Table 2. ROS-Online collected over 20 min at 0.6 m3 h−1

(∼ 10.5 L min−1) inside the main air flow at 20 m3 h−1. An
isokinetic calculation was performed to adjust the same ve-
locity in the gas stream and in the ROS-Online sampling
line. Laminar flow conditions were ensured by the distances
between the disturbance zones and the tapping points, i.e.,
3 times the pipe diameter upstream and 10 times the pipe
diameter downstream. The size distribution of the particles
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Figure 3. Fractional number efficiency of BioSampler® at several
airflow rates.

generated during the four experiments is presented in Fig. S1
of the Supplement. Experiments 1 and 2 were conducted
with a 47 nM CuCl2 solution atomised in the experimen-
tal bench at two different rates, 1 and 0.5 mL min−1, re-
spectively, in order to achieve different concentration lev-
els of PMs. Indeed, between experiments 1 and 2, PM con-
centrations changes from (64± 10) to (34± 5) µgm−3 for
PM2.5 and from (59± 9) to (30± 5) µgm−3 for PM1. Exper-
iments 3 and 4 were conducted using 1 and 8 mM solutions
of NQ respectively, leading to PMs concentration levels of
(215± 18) to (364± 18) µgm−3 for PM2.5 and (179± 6) to
(323± 13) µgm−3 for PM1. Regardless of the concentration
of the solutions or the atomisation rate, the nebulized parti-
cle generator produces a majority of PM1, with an average
of (88± 4) % of the particles by mass having a diameter of
1 µm or less.

Figure 4 shows the results for the different experiments on
both assays of ROS-Online.

As shown in Fig. 4a and b for CuCl2 experiments 1
and 2, OPAA confirmed its high metal-sensitivity (Calas et
al., 2018; Fang et al., 2016; Godri et al., 2011) with OP val-
ues of (21.6± 3.9) and (12.3± 0.8) nmol min−1 m−3. This
result is consistent with the commonly reported sensitivity
of ascorbic acid (AA) to transition metals. Although the ox-
idation of AA itself does not proceed via Fenton-type rad-
ical reactions, the superoxide radicals generated during its
oxidation can subsequently react with iron through Fenton
chemistry (Bates et al., 2019; Fang et al., 2016; Bresgen
and Eckl, 2015; Pietrogrande et al., 2022). OPDTT results
show lower variability across experiments, (14.5± 3.7) and
(15.8± 3.6) nmol min−1 m−3, respectively, suggesting a less
concentration-dependent response than AA, as already evi-

denced in the literature (Charrier and Anastasio, 2012; Lin
and Yu, 2011; Pietrogrande et al., 2022a).

PM2.5 and PM1 concentrations in the bench are divided by
a factor of two between experiments 1 and 2. Interestingly,
rather different ratios of 1.8 and 0.9 were observed for OPAA

and OPDTT between the two experiments. Thus, the response
of the DTT assay to copper particles seems to reach a maxi-
mum, regardless of their mass concentration. However, it re-
mains unclear whether this represents an absolute maximum
for OPDTT or a local plateau that could rise further if concen-
trations still increases. This observation could be explained
by the intricate two-stage kinetics of the reaction between
DTT and oxygen in the presence of copper which, as already
observed for lead (Uzu et al., 2011), involves the formation
of a [DTT-Cu] complex (Kachur et al., 1997) and thus limits
the redox reactivity between the two compounds.

Regarding NQ experiments 3 and 4 (Fig. 4c and d), PM2.5
and PM1 concentrations in the bench are not proportional to
the concentration of the solutions used for nebulization. In-
deed, while an 8 times more concentrated solution is used for
experiment 4, the ratio of PMs concentrations between the
two experiments does not exceed 1.7 and 1.8 for PM2.5 and
PM1, respectively. Considering OP values, OPAA appears
to be less sensitive to NQ than OPDTT in these conditions,
with OPAA values of (0.8± 0.5) (Exp. 3) and (1.7± 0.7)
(Exp. 4), and OPDTT values of (2.5± 1.3) (Exp. 3) and
(6.5± 2.0) nmol min−1 m−3 (Exp. 4). This has already been
observed by Pietrogrande et al. (2022). Indeed, DTT is re-
active to both organic and inorganic compounds and its high
reactivity towards quinones has been highlighted many times
(Calas et al., 2018; Jiang et al., 2020; Yang et al., 2014).
However, both assays show an increase in OP values with PM
concentrations, even though this increase is not proportional
with ratios of 2.2 and 2.6 for OPAA and OPDTT, respectively.
A non-proportional increase in PMs concentrations could be
explained by many parameters such as the non-controlled
NQ aerosol generation with the nebulized particle generator
as organic aerosols like naphthoquinones might interact with
stainless steel surfaces under varying conditions (Sherif and
Park, 2006; Walker et al., 2022).

3.3 ROS-Online interference with ozone

Dovrou et al. (2021) highlighted the key role of ozone in
the formation of ROS like H2O2, qOH, qO−2 , or H qO2. Addi-
tionally, Stevanovic (2017) have demonstrated the presence
of ROS in both gaseous and particulate phases of vehicular
emissions. To test for this hypothesis, ROS-Online sensitiv-
ity to an oxidant gas such as O3 was explored in controlled
conditions. In these experiments, O3 delivered by a 2B Tech
O3 generator was introduced into the air stream sampled by
ROS-Online, and a Thermo Scientific Model 49i O3 anal-
yser was used to measure O3 levels at the exhaust of ROS-
Online. This set-up allowed 100 % of the O3 introduced into
the ROS-Online’s airflow to be collected during sampling. O3
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Table 2. Experimental conditions.

Experiment Compound Concentration Atomisation Bench T RH
number (µM) rate Airflow (°C) (%)

(mL min−1) (m3 h−1)

1 CuCl2 47 1 20 18.0 24.0
2 CuCl2 47 0.5 20 18.0 24.0
3 NQ 1 0.5 20 18.0 24.0
4 NQ 8 0.5 20 18.0 24.0

Figure 4. (a, c) OPAA and (b, d) OPDTT results obtained during the four experiments carried out in the experimental bench. Dots represent
the average PM2.5 (black) and PM1 (grey) mass concentrations (µgm−3) in the main flow, bars represent the OP ±1σ (nmol min−1 m−3)
of AA (green) and DTT assays (brown).

was introduced at concentrations ranging from 0 to 50 ppbv
resulting in quite uniform AA depletions (Fig. S2) with mean
and median values of (4.2± 1.1) and 4.0 pmol min−1, respec-
tively. Therefore, ROS-Online’s response seems not be cor-
related influenced by the ozone concentration present in the
atmosphere. Indeed, the oxidative potential of O3 is not ef-
fectively captured via AA depletion in ROS-Online, poten-
tially because: (1) ozone adsorbs or reacts with surfaces (e.g.
pipes) before entering the sampler, or (2) ozone is not very
soluble in water and/or the contact time between water and

air is insufficient, so it cannot be trapped. In atmospheric con-
ditions, it tends to adsorb/react with surfaces or airborne par-
ticles before it can dissolve in a liquid-phase assay (Bates et
al., 2019; Bellini and De Tullio, 2019; Chang et al., 2021;
Charrier and Anastasio, 2012). Other atmospheric oxidants,
including more water-soluble inorganic and organic gaseous
compounds, could also contribute to AA or DTT depletion,
and further investigations are required to evaluate their role
in the overall oxidative potential of the gas phase, as well as
to assess the possible cross-sensitivity to ozone.
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4 ROS-Online linearity assessment with positive
controls and exposed samples

CuCl2 ([5–50] nM) and PQN ([5–150] nM) standard solu-
tions were selected to assess the OPAA and OPDTT sensitiv-
ities, respectively, of the system. Concentrations ranges for
Cu(II) and PQN were chosen to be representative of con-
centration levels measured in the atmosphere of European
cities, i.e., CuCl2 [0.013–0.31] µgm−3 and PQN [0.0013–
0.1619] µgm−3 (Delgado-Saborit et al., 2013; Denier van
der Gon et al., 2013; Liu et al., 2024; Yang et al., 2018).
Extract solutions from two real PM samples, collected in
the peri-urban area of Grenoble and at a traffic site in Bern
(Switzerland) were also analysed, for OPDTT and OPAA, re-
spectively. Both samples were collected on pre-baked quartz
filters (Pall, Tissuquartz) with a high-volume sampler (Dig-
itel, DA80, 30 m3 h−1) equipped with a PM10 inlet. The fil-
ters were extracted in MQ water in a multi-tube vortex at
37 °C. In order to avoid any clogging of the prototype lines
by remaining fragments from the quartz filters, syringe filters
(Sartorius, 0.2 µm) were used to filter the extracted samples.
Calibration solutions in the [0.05–1.86] µgPMmL−1 range
(equivalent to [5–180] µgm−3 atmospheric PM concentra-
tions; Borlaza et al., 2022) for the Grenoble filter and in the
[0.05–1.05] µgPM mL−1 range ([5–100] µgm−3 equiv. PM)
for the Bern sample were prepared. Each standard solution
was analysed for OP in triplicate and the three replicates
were used to calculate the standard deviations for the online
method. It is important to note that the limits of detection
(LODs) presented in Fig. 5 correspond to the minimum de-
tectable concentrations based on spiked samples, while the
value of 20 µgm−3 mentioned in the abstract refers to the
minimum ambient PM mass concentration required for reli-
able detection under real atmospheric sampling conditions.
Blanks containing only MQ water were analysed prior the
standard solutions and their values are reported in Table 3.
Figure 5a–d show ROS-Online response (corrected for the
blanks) over the CuCl2 and PQN ranges for both AA and
DTT assays. Except for PQN in the AA assay (Fig. 5c), the
calibration responses were found to be acceptably linear for
the intended application, as supported by theR2 values, Pear-
son correlation coefficients, and p values reported in Table 3.
While some deviations from perfect linearity are observed,
the statistical indicators confirm that the linear fits are ade-
quate for use with environmental and experimental samples.

As shown in Fig. 5c, the AA response towards PQN over
the [5–150] nM range seems null. This result is in accordance
with Pietrogrande et al. (2022b), which demonstrated the
sensitivity of OPAA to PQN for concentrations above 1 µM
(at [AA]0= 100 µM). It is therefore likely that [PQN] used
here were too low for a response to be detected by ROS-
Online. The relatively poor linearity observed in Fig. 5b is
probably due to the low sensitivity of DTT to Cu(II). This re-
sult agrees well with what we observed during Exp. 1 and 2
at LOCIE bench (Fig. 4b). However, Fig. 5e and f show that

Figure 5. Green dots represent the ascorbic acid consumption rate,
i.e., depletion, in [pmol min−1] as a function of CuCl2 (a) and
PQN (c) concentrations in [nM]. The orange dots represent the
dithiothreitol depletion in [pmol min−1] as a function of CuCl2 (b)
and PQN (d) concentration in [nM]. (e) Green dots represent the
ascorbic acid depletion, in [pmol min−1] as a function of PMs sam-
ples [µgmL−1] taken from a traffic site filter (Bern), and (f) or-
ange dots represent the dithiothreitol depletion in [pmol min−1] as
a function of PMs samples [µgmL−1] taken from an urban back-
ground winter filter (Grenoble). Dashed lines represent the mod-
elled linear regressions. Each sample was analysed in triplicate, and
the figures present average (dots), with the error bars representing
±1σ .

the ROS-Online response is linear over the wide range of
concentrations of PM extracts considered in this work i.e.
from 0.05 to 1.86 µgPMmL−1 corresponding to PM ambi-
ent concentrations between 5 and 180 µgm−3. The response
is highly linear on both assays, with determination coefficient
R2
= 0.995 for AA (Bern sample) and R2

= 0.990 for DTT
(Grenoble sample).

Table 3 reports the main characteristics of the linear re-
gressions obtained with Cu(II) and PQN standard solutions
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Table 3. Figures of merit for the calibration experiments (standards solutions and PM samples).

Experiment/Assay Pearson correlation p value R2 Blank Intercept
coefficient – r

[CuCl2]ε[5–50] nM/AA 0.986 4.30× 10−5 0.983 5.12± 1.14 8.09
[PQN]ε[5–150] nM/AA −0.597 0.29 0.27 5.10± 0.68 5.72
PMs ε[0.05–1.05] µgmL−1/AA 0.997 1.96× 10−4 0.995 4.17± 0.22 4.59
[CuCl2]ε[5–50] nM/DTT 0.944 1.37× 10−3 0.962 36.61± 2.04 39.55
[PQN]ε[5–150] nM/DTT 0.993 7.30× 10−4 0.957 44.30± 1.07 50.71
PMs ε[0.05–1.86] µgmL−1/DTT 0.995 3.27× 10−8 0.990 39.24± 1.55 40.90

and filter samples. Results are given without taking account
the blank correction. As the intercept values are, to some ex-
tent, similar to the blank values, one can hypothesize that the
non-zero intercept is likely related to the self-degradation of
the antioxidants. This is supported by the fact that AA is sen-
sitive to temperature and UV (Basak et al., 2023; Essodolom
et al., 2020). In our protocol, the reacting solution contain-
ing AA is illuminated at 265 nm for 10 min in the FC and
heated to 37 °C, thus explaining the self-consumption of AA
in the ROS-Online device. Similarly, both DTT and TNB are
also sensitive to light (Damodaran, 1985; Eyer et al., 2003).
In that case, the solution in the FC is illuminated at 412 nm
for 15 min, resulting in the self-degradation of these reactants
and finally to non-zero intercepts we observed for the DTT
assay. The consideration of this issue subsequently led us
to systematically perform a blank for each real atmospheric
measurement. The difference in blank values observed for
AA (4 to 5 pmol min−1) and for DTT (37 to 44 pmol min−1)
assays may be due to the quality of the solutions used, par-
ticularly of the ultrapure water used either for the standards
solutions or for the PM extracts. Additionally, the difference
in blank values observed between both assays is probably due
to the kinetics itself (reaction time, wavelength etc.).

5 Inter-comparison of online and offline measurements

This section describes an intercomparison study between
ROS-Online and the offline methods implemented at IGE
(Calas et al., 2017; Dominutti et al., 2025). The initial con-
centration of the reagents (AA, DTT, TNB) can significantly
influence OP measurement (Lin and Yu, 2011), requiring us
to adapt the concentrations of the offline method compared
to the routine conditions to enable a comprehensive com-
parison of ROS-Online and offline OP techniques. There-
fore, same samples and identical initial antioxidant quan-
tity of matter, or moles’ number n (nAA0 = 2.40× 10−9 mol;
nDTT0 = 1.25× 10−9 mol) were used in the respective mea-
surement cells, i.e. flow cells or plate reader wells for on-
line and offline methods, respectively. The calculation of ab-
sorbance has also been adjusted to these new conditions. For
these experiments, the ROS-Online samples (control and PM
samples) were introduced directly in the liquid form into the

BioSampler® without pumping atmospheric air. The com-
parison between online and offline methods was made by
analysing in triplicate the samples prepared and already de-
scribed in Sect. 4. The three replicates used to calculate the
standard deviations for the online method were performed
within the same day. For the offline measurements, standard
deviations were calculated using the 6× 3 replicates= 18
readings of the TECAN microplate reader.

Figure 6a–c show the results of the intercomparison (no
blank correction) for the positive control solutions of CuCl2
and PQN as analysed by ROS-Online and the offline IGE
method. These plots demonstrated the excellent concor-
dance between the 2 methods with linear regressions having
R2> 0.99 and slopes (s) close to 1 (s= 0.99 for all three
positive controls).

Figure 7 shows the results of ROS-Online vs. offline
analyses with AA and DTT assays when exposed to
PM10 concentrations in the range [0.05–1.05] and [0.05–
1.86] µgPMmL−1 for AA and DTT assays, respectively.
Quite large error bars on the TECAN microplate reader when
measuring AA depletion can be noticed. It should be noted
that the offline measurements presented here were performed
under the same operational conditions as the online method
to allow direct comparison, which may have affected the typ-
ical repeatability of the offline protocol. Despite this, the sig-
nificantly lower variability observed in the online data high-
lights the improved repeatability and robustness of the ROS-
Online instrument. Correlations coefficients of R2> 0.99
with s values close to 1 (s= 0.95± 0.04 and s= 1.01± 0.01,
for AA and DTT assays, respectively) show again a very
similar response between the two techniques with PM ex-
tracts. These results are encouraging in the way of providing
measurements comparable to the offline methods, themselves
currently under harmonisation and standardisation (Domin-
utti et al., 2025) to comply with response to the new Euro-
pean Directive on air quality.
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Figure 6. Comparison of offline and online methods using: (a, b) CuCl2 samples for AA and DTT assays, respectively and (c) PQN samples
on DTT assay. Each sample was analysed in triplicate, with both methods. The vertical error bar represents ±1σ and the horizontal error bar
represents the TECAN microplate variability of 18 measurements (6 readings for each triplicate of each range point). Grey lines represent
the line y= x.

Figure 7. Comparison of offline and online methods using: (a) Bern traffic site filter for AA assay, and (b) Grenoble urban background winter
filter for DTT assay. Each sample was analysed in triplicate with both methods. The vertical error bar represents±1σ and the horizontal
error bar represents the TECAN microplate variability of 18 measurements (6 readings for each triplicate of each range point). Grey lines
represent the line y= x.

6 Real-life case study: daily variation of OPAA near a
major roadway

6.1 Site sampling and meteorological conditions

The ROS-Online device was deployed from 1 to 15 Septem-
ber 2023 at the air quality monitoring station “Les Bossons”
from the air quality monitoring network in Auvergne
– Rhône-Alpes. This site is located in the Arve Val-
ley (45°54′26′′ N; 6°50′45; 1049 m a.s.l. – https://www.
atmo-auvergnerhonealpes.fr/dataviz/mesures-aux-stations,
last access: 24 November 2025). It is subjected to frequent
pollution episodes, particularly in winter due to temper-
ature inversions and intense domestic biomass burning
(Quimbayo-Duarte et al., 2021; Weber et al., 2018). This

traffic site is located on the roadside of the “Route blanche”
with an average of 6300 vehicles (with a large share of
trucks) every day during the sampling campaign. The instru-
ments were sheltered in an enclosed cabin with a controlled
temperature set at T = 22± 4 °C. The station houses a
continuous ambient air monitor 1405-F TEOM™ for PM10
mass concentration measurements, and a NOx analyser
(model APNA-370, HORIBA). Additional atmospheric
observations for PM10 mass concentration (ambient air
monitor 1405-F TEOM™) and O3 (ambient ozone monitor
– model APOA-370 - HORIBA) were also obtained from the
air quality monitoring station “Chamonix” (45°55′21′′ N;
6°52′512; 1038 m a.s.l.), located in Chamonix’s city centre,
about 2 km away. Meteorological data were obtained from
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the “Passy” station, located 13 km west on a lower part
of the Arve Valley (https://www.infoclimat.fr/opendata/,
last access: 24 November 2025) and are presented in the
Supplement (Fig. S3). A rainfall episode began during the
night of 13 to 14 September and lasted until the end of the
campaign (15 September 2023).

6.2 ROS-Online measurements set-up

To maximise the PMs collection, the instrument was set for
a sample duration of 30 min at a flowrate of 10.5 L min−1. A
protective grid was placed on the inlet line in order to protect
the instrument from larger particles that might have clogged
the BioSampler® or damaged the FCs. The prototype oper-
ated continuously without technical failure during the 15 d
campaign. Due to a focus on the AA assay, more likely to
react to a traffic source than the DTT assay, OPDTT measure-
ments were maintained from 1 to 6 September only, allowing
a higher resolution of OPAA measurements after this date.
Indeed, a complete measurement cycle, with both AA and
DTT lines operating in parallel, is constrained by the DTT
assay, which requires 15 min for measurement – compared
to 10 min for the AA assay – as well as additional time for
titration point preparation and rinsing. Disabling the DTT
line to perform AA-only measurements eliminates this dor-
mant time, thereby enabling higher temporal resolution for
the ROS-Online system. Blanks for both assays were very
stable: mean blank depletion value for the AA assay was
ωAA0 = (0.58± 0.24) pmol min−1 (342 occurrences, 15 d)
and let us calculate a LOD of (1.30± 0.24) pmol min−1.
For the DTT assay, ωDTT0 = (25.4± 4.0) pmol min−1 (over
118 occurrences, 6 d) and LOD= (37.3± 4.0) pmol min−1.
Finally, evaporation during sampling was evaluated to be
(1.3± 0.1) mL with minimum and maximum values of 0.8
and 1.9 mL, respectively, mainly depending on the temper-
ature difference between the outside and the shelter’s ther-
mostated temperature. The reported evaporation of approxi-
mately 1.3 mL corresponds to the average loss measured dur-
ing each 30 min sampling period and is systematically cor-
rected for during each analytical cycle. The BioSampler®

was filled with 20 mL of MQ water before each cycle.

6.3 Results

The weather conditions during the campaign were very stable
from 1 to 13 September, with anticyclonic conditions lead-
ing to similar daily cycles of temperature, wind and humidity
(Fig. S3). Figure 8 shows the average daily cycles of OP mea-
surements, taking into account the full data series for OPAA

(1st to 13th) and the overall available dataset of OPDTT (1st
to 6th).

Diurnal cycles of both OPAA and OPDTT measure-
ments do not show the same variations, reflecting the
different sensitivity to the aerosol composition of these
two probes. OPAA seems to stay at background level

(40 pmol min−1 m−3) at night and then rises up around 09:00
until 16:00 LT, reaching twice its background value with a
peak of∼ 70 pmol min−1 m−3, before decreasing at a similar
rate than its increase reaching background level again around
midnight. The OPDTT signal is less structured with OP val-
ues ∼ 5 times that of OPAA at background value (midnight).
OPDTT signal exhibits 3 main peaks at ∼ 03:00, noon and
∼ 18:00, reaching∼ 300 pmol min−1 m−3 for the latter peak.
The signal drops rapidly to its background level from 21:00
onwards.

As shown if Fig. 9a, b, d and e, NOx and O3 diurnal cy-
cles show common behaviours for urban traffic sites with
maximum levels of NOx reached in the morning (Fig. 9b
and e) and maximum ozone concentration in late afternoon
(Fig. 9a and d), according to the well-established photochem-
ical equilibrium relationship (Leighton, 1961). OPAA signal
is following the atmospheric photochemistry with a strong
correlation with the evolution of the ozone concentration,
both curves peaking in late afternoon (Fig. 9a). While our
laboratory experiments showed that ozone had only a limited
effect on the OPAA (Sect. 3.2.1), this covariation is proba-
bly the result of the rising of PM concentrations in the af-
ternoon (Fig. 9c) due to primary but more likely secondary
emissions as well as boundary layer evolutions. Oxidation
(aging) of PM in the afternoon, as shown with AMS mea-
surement at a nearby site during the DECOMBIO project
(Jaffrezo et al., 2018), may explain the delay between OPAA

and PM peaks on Fig. 9c.
The general behaviour of OPDTT signal is similar to that

of OPAA, especially, OPDTT higher peak corresponds to the
O3 peak (Fig. 9d), which could again be explain by the ox-
idation of PM (Fig. 9f). However, AA and DTT assays pro-
vide different information: the sharper OPDTT signal, with 2
narrow peaks observed at around 03:00 and 12:00, may illus-
trate a local influence from sources or processes to be iden-
tified. Finally, during the rainy episode (13 to 15 Septem-
ber) a resulting loss of PM10 and OPAA diurnal cyclicity was
observed, probably due to PM scavenging and/or perturba-
tion of a change in boundary layer dynamics. Nevertheless,
the OPAA signal increased, still following the O3 daily max-
imum levels during those 3 rainy days (see Sect. 2.1). Over-
all, this short field study with the ROS-Online device shows
that it is capable to perform dual time series of OP measure-
ment with hourly measurements. These measurements indi-
cate that OP can vary by nearly a factor of two within a day,
due to a complex interplay between emissions, aging, and
atmospheric dynamics.

7 Conclusions and perspectives

The ROS-Online device represents a significant leap forward
in measuring the oxidative potential (OP) of ambient par-
ticulate matter and soluble gases. Its innovative design, in-
corporating dual independent lines for simultaneous OPAA
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Figure 8. Average diurnal cycle of 13 d of OPAA measurements (left) and of 6 d of OPDTT measurements (right) observed at Les Bossons
[pmol min−1 m−3]. Dashed coloured lines show the averaged diurnal variation for all available measurements, grey and black lines the 3 and
6 h rolling means. Confidence intervals correspond to ±1σ .

Figure 9. Diurnal O3 [µgm−3] (a, d) observed at the measuring sites Chamonix; NOx [µgm−3] (b, e), and PM10 [ µgm−3] (c, f), observed at
the measuring sites Les Bossons. Green lines on panels (a), (b), and (d) represents OPAA [pmol min−1 m−3] and brown lines on panels (d),
(e), and (f) OPDTT [pmol min−1 m−3]. The 3h rolling mean datasets are used for each parameter. Confidence intervals correspond to ±1σ .

and OPDTT assays, allows for near-real-time measurements
with high reliability and specificity. Notably, ROS-Online
has the potential to capture oxidative potential contributions
from both particulate matter and soluble gaseous species
present in the BioSampler® solution, providing a more com-
prehensive assessment of air quality compared to the tradi-
tional offline methods that collect PM only. However, cur-
rent results on gaseous OP are preliminary, and further con-
trolled experiments are required to fully characterize the in-
strument’s response to atmospheric gases. The high linearity

and low limits of detection (0.58± 0.24) pmol min−1 for AA
and (25.4± 4.0) pmol min−1 for DTT, underscore its supe-
rior performance relative to existing prototypes. The ROS-
Online device underwent controlled experiments and field
tests to evaluate its performance and versatility.

The experiments in Sect. 3 provided insights into the ox-
idative potential (OP) responses of two assays, OPAA and
OPDTT, when exposed to different aerosol compositions and
concentrations. The OPAA assay confirmed its strong sensi-
tivity to metals, particularly CuCl2, showing a proportional
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decrease in OP with decreasing PM concentration, while
OPDTT appeared to reach a saturation point, suggesting a
possible reaction plateau. For naphthoquinone (NQ), OP val-
ues increased with PM concentration, though not proportion-
ally, likely due to complex aerosol generation dynamics and
surface interactions. These findings highlight the different re-
activity mechanisms of the two assays towards inorganic and
organic aerosols.

Calibration using CuCl2 and 9,10-phenanthrenequinone
(PQN) demonstrated acceptable linearity for environmental
applications for both OPAA and OPDTT assays, highlight-
ing its sensitivity to both inorganic and organic classes of
atmospheric oxidants. Intercomparison with established of-
fline method confirmed efficiency, with high correlation co-
efficients (R2> 0.90) for both assays on a large range of
concentrations, which is very encouraging for future deploy-
ment of ROS-Online. However, in order to associate offline
and online measurements, thorough investigations need to be
carried out to determine particle trapping between the two
methods, exposure times, intrinsic OP values at different sites
subjected to different atmospheres, etc.

Field deployment at an urban background site over a 15 d
period provided continuous, near-real-time measurements of
OPAA and OPDTT. The data revealed distinct diurnal pat-
terns, with OPAA peaking in the afternoon, correlating with
photochemical activity and pollutant levels (O3, and PM10).
OPDTT measurements showed analogous, but not equivalent
trends, with additional peaks indicating sensitivity to local-
ized sources. The device’s stability and consistent perfor-
mance throughout the campaign underscore its suitability for
long-term air quality monitoring.

Potential interference from brown carbon (BrC) in our
absorbance-based measurements. BrC is known to absorb
light in the UV-visible range, and therefore may contribute
to the signal at the wavelengths used in our study (265
and 412 nm). As shown by Wu et al. (2023), BrC can con-
tribute significantly to light absorption during biomass burn-
ing events, particularly at shorter wavelengths, with its ab-
sorption decreasing toward the visible range. Similarly, Bas-
net et al. (2024) demonstrated that emissions from residen-
tial biomass combustion in Europe contain BrC with strong
absorption between 300 and 500 nm, which could influence
absorbance measurements if not properly accounted for. In
our method, absorbance is used to monitor the kinetic con-
sumption or production of reagents, not just the absolute
absorbance of the solution. Furthermore, we systematically
include blanks and controls to correct for background ab-
sorbance, including that potentially attributable to BrC. This
approach minimizes the influence of static absorbance con-
tributions from sample matrix components.

A key strength of ROS-Online is its versatility across di-
verse environmental conditions. The possibility to adapt an-
tioxidant concentrations allows OP measurements in both
relatively clean European urban environments and highly
polluted regions and or industrial sites, where particulate

matter concentrations are significantly higher. To improve
sensitivity in low-PM environments, i.e. < 20 µgm−3, ROS-
Online can operate with modified reagent concentrations.
Any such adjustments require calibration and documentation
to ensure comparability. This flexibility ensures accurate as-
sessments regardless of pollution levels, making the device
suitable for global deployment.

The device’s ability to operate continuously to varying
pollution levels reinforces its potential for integration into
air quality networks worldwide. Its short temporal resolu-
tion (∼ 1 h) enables dynamic tracking of fast-changing at-
mospheric conditions, essential for understanding pollutant
health impacts. Moreover, its sturdiness, demonstrated by
continuous operation in field tests, highlights its potential for
deployment in urban environments, industrial sites, and high-
pollution areas.

ROS-Online’s ability to interface with other online chemi-
cal analysers positions it as a valuable tool for source appor-
tionment and health risk assessment, supporting regulatory
efforts and advancing public health research. These innova-
tions open new pathways for integrating OP measurements
into routine air quality monitoring. The device not only meets
the growing demand for precise, real-time air quality data but
also aligns with the European directive on air quality, empha-
sizing the relevance of oxidative potential in health studies.
Its deployment across air quality stations could be pivotal for
pollution monitoring, paving the way for more targeted miti-
gation strategies and better public health status.
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