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Abstract: Particulate Matter (PM) is the most toxic component in polluted air causing over 6 million deaths per
year worldwide according to World Health Organisation estimates. Due to the highly complex composition of PM
in the atmosphere, with thousands of inorganic and especially organic components, it is unknown which particle
sources are responsible for their toxicity. In recent years it emerged that overall oxidising particle properties might
directly link particle composition with health effects. This review summarises contributions of Swiss research
groups to the chemical and biological characterisation of PM oxidising properties and identification of biological
responses such as oxidative stress due to PM exposure.
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1. Introduction
Over the last three decades a large number of epidemiological

studies consistently indicated that particulate matter (PM) in pol-
luted air is causing a wide range of adverse health outcomes such
as pulmonary and cardiovascular diseases but also lung cancer and
neurological disorders.[1] The World Health Organisation (WHO)
estimates that over 6 million deaths per year are attributed to out-
door and indoor PM exposure, representing by far the most sig-
nificant cause of disease due to environmental pollution.[2]Despite
this clear epidemiological evidence, it is largely unknown which
physical particle properties or chemical particle components are
responsible for their toxicity. Particles can be directly emitted
into the atmosphere e.g. by combustion sources, industrial ac-
tivity, or natural processes such as desert dust or sea spray, but
the largest PM fraction in polluted areas is formed within the
atmosphere from gaseous precursors in chemical oxidation reac-
tions. Ambient PM is a complex mixture of tens of thousands of
compounds, including metals, minerals, insoluble graphite-like
soot, inorganic salts, and organic compounds, which are often
highly oxidised.[3]

The main particle property regulated in legal frameworks aim-
ing to reduce PM exposure in Switzerland and the EU is the total
particle mass with average annual limit values for Switzerland of
10 mg PM

2.5
per m3 ambient air (i.e. mass concentration of PM

with diameters smaller than 2.5 mm). Based on recent scientific
evidence, the WHO recently revised their guidelines and recom-
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and increased levels of oxidative stress biomarkers that can con-
tribute to carcinogenesis.[8,9]

In this review research activities at Swiss universities and in-
stitutes are summarised, which aim to establish if ROS and/or
OP could be an integrating novel metric to describe atmospheric
PM toxicity. Research projects tackle this highly interdisciplinary
question from a chemical as well as from a cell biology/toxicity
perspective.

2. Experimental Approaches

2.1 Characterization of ROS and OP in PM
Studies quantifying particle-induced OP or ROS use chemical

redox reactions (often termed ‘assays’) between ROS and a reduc-
ing compound, such as dithiothreitol (DTT), ascorbic acid (AA),
iron(II) (FOX) or dichlorofluorescein (DCFH).[11] For most stud-
ies quantifying OP or ROS in PM in field campaigns or labora-
tory studies, samples are collected on filters, followed by sample
work-up and analysis in the laboratory using one or several OP
and ROS assays. Filter-based so-called ‘offline’ methodologies
offer the advantage of easy sample collection at many different
locations but usually allow only for a poor time resolution of about
a day. Many ROS and OP-active components such as radicals and
peroxides are reactive and thus short-lived and therefore might
decay before offline analysis, potentially resulting in an underes-
timation of particle OP and ROS.

To address these potential shortcomings, different so-called
online OP and ROS quantification instruments were developed
and tested by research groups in Switzerland where PM collection
and analysis are combined into a single field-deployable instru-
ment and where OP or ROS is quantified within seconds to an
hour after collection.[12-16]A recent study by Campbell et al. dem-
onstrated that 60% to 99% of OP and ROS decay within hours in
a wide range of aerosol types such as secondary organic aerosol
(SOA), diesel and gasoline car exhaust, biomass burning and in
the ambient atmosphere, emphasising the advantages of online
measurement concepts.[17]

The first step in online OP or ROS analysis instruments is
the transfer of aerosol particles into a liquid phase, followed
by OP or ROS quantification in the liquid phase. Online instru-
ments with continuous or batch flow detection using DCFH or
DTT allow time resolutions of 5 minutes[12,13] to an hour.[14] A
third instrument recently developed measures the kinetics of
Fe(II) oxidation by ROS in the presence of orange xylenol (FOX
assay).[15]A fourth instrument was developed to quantify aerosol
OP using AA, an anti-oxidant naturally occurring in the human
lung.[16]

2.2 Biological Effects of Lung-Deposited PM
The oxidative stress effects of PM on lung cells in vitro can be

studied by either collecting particles on filters and preparing ex-
tracts or suspensions for cell exposures or exposing cells directly
to aerosol particles out of a continuous air flow.[18]The advantage
of exposing lung cell cultures at the air-liquid interface directly
to aerosol particles is to (i) realistically mimic particle deposition
during inhalation and (ii) study the combined and separate toxic-
ity effects of particles and gaseous fractions of an aerosol (for a
review see refs. [19,20]). ROS is not only present in or generated
by PM, but also in cells as a measure of oxidative stress. ROS de-
tection kits based on, e.g. small-molecule fluorescent probes that
can permeate into living cells, can determine ROS concentrations
inside cells (Fig. 2a).[21]

As ROS are short-lived and challenging to analyse in cells, the
oxidative stress response is often assessed by the effects of ROS
on lipids, proteins, and DNA or by analysing the antioxidative
response. The level of lipid peroxidation can be evaluated e.g. via
malondialdehyde concentration and DNA oxidation by the oxi-

mends a PM
2.5
limit value of 5 mg/m3,[4]causing considerable chal-

lenges for clean air policies worldwide. Although legal limit val-
ues focus on easy to monitor parameters at air monitoring stations
such as PM mass, it is unlikely that the overall PM mass is the
most suitable metric to describe particle toxicity, considering the
vast physical and chemical complexity of atmospheric particles.
The lack of a mechanistic understanding of air pollution toxicity
largely hinders more focused policy strategies to minimise PM-
related burden of disease and mortality and to identify and mini-
mise the most toxic particle sources.

Particle size is clearly an important toxicity-relevant factor be-
cause different particle sizes reach different parts of the respirato-
ry tract. Upon inhalation, larger particles (1-10 μm) preferentially
deposit in larger conducting airways (trachea, bronchi), whereas
the smallest particles (i.e. ultrafine particles < 100 nm) penetrate
to and deposit efficiently in peripheral lung regions (alveoli).
Once deposited, particles interact with pulmonary surfactant and
are displaced by wetting forces into the aqueous hypophase,[5]
where interaction with pulmonary cells may occur. Besides mass
and size, there are many other particle properties that could ex-
plain and contribute to their toxicity, e.g. surface charge, acidity,
(in-)solubility or the presence of individual components such as
metals or polycyclic aromatic hydrocarbons (Fig. 1).

Overall oxidising properties of particles emerged in recent
years as a possible summarising metric that could explain many
observed health effects, by causing oxidative stress in lung cells
but also systemically. Oxidative stress may occur when cellular
antioxidant defences are overwhelmed by reactive oxygen species
(ROS, i.e. organic and inorganic peroxides and radicals) present
in atmospheric PM or generated by PM components in the lung
upon particle deposition.[6]The ROS concentration in PM and the
capability of particles to produce ROS with simultaneous reduc-
tion of anti-oxidant concentrations in the lung is defined as oxida-
tive potential (OP) of particles (Fig. 1). ROS can react with DNA,
proteins, or lipids. The antioxidant defence system in the lung
is mainly based on enzymatic components, such as superoxide
dismutase, glutathione peroxidase and small antioxidants such as
ascorbic acid to protect against ROS-induced cellular damage.[7]
Inhaled particles such as combustion-derived diesel particles can
provoke oxidative stress, causing inflammation in the epithelium

Fig. 1. Schematic of particle components and interactions relevant for
biological effects after particle inhalation and deposition in the lung
(adapted from ref. [10]).
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tributors to OP. A follow-up study[32] assessed offline OP levels
in North India, a region with severe pollution and a large popula-
tion, and found that OP levels in North India, like in China, are
strongly enhanced compared to those in Europe. In North India,
OP is predominantly driven by organic aerosols from the incom-
plete combustion of biomass and fossil fuels, including traffic
emissions.

The interpretation of ROS and OP quantification (from online
and offline studies) in the ambient atmosphere requires advanced
statistical methods to identify the importance of different PM
sources, e.g. using receptor models relying on variations in the
particle chemical composition andmultilinear regressionmethods
to identify PM sources relevant for OP. Overall, these field stud-
ies showcase the important role of anthropogenic activities on OP
levels and highlight that particle composition might be critical to
describe particle toxicity.

All of the above OP and ROS assays were used in a number
of field and lab studies and it has become evident that the differ-
ent OP and ROS reaction systems are sensitive to different frac-
tions of OP- and ROS-active components in PM.[33-35] In addition,
specific reaction conditions and experimental procedures make
comparability between studies difficult. This illustrates that more
lab studies are needed to characterise the different OP reaction
system in more detail.

Besides ambient air pollution, exposure to particles indoors
has often been neglected in recent years. At workplaces, specifi-
cally, PM concentrations are often significantly higher than in
ambient air. Applying this OP approach to occupational hygiene
and health gives the opportunity to gain new insights on worker’s
exposure. Sauvain et al.[36] showed in a pilot study that although
tunnel workers were exposed to higher PM mass than bus work-
ers, their exposure based on OP was similar. Workers in the metal
industry using different cutting fluids (MWF) are often exposed
to oil mist aerosols. Using the FOXOP assay, the potentially high-
est hazard for workers exposed to water based MWF was shown
to correspond to the particulate fraction, while for workers using
straight oils, it was the gaseous fraction. suggesting that differ-
ent exposure reduction strategies are needed to protect worker’s
health, depending on the MWF type.[37]

3.2 Oxidative Stress in Cells
Advanced highly standardised 3D human lung tissue models

have been developed, which can be used in combination with
particle sources such as vehicle exhaust systems for exposure
of lung cells. Emissions from an engine can be taken directly at
the exhaust outlet and brought into contact with lung cell sur-
faces with exhaust characterisation being performed on-line.
Such a system was established for scooter exhaust,[38] diesel,[39]
and gasoline cars operated with gasoline[40] and ethanol-gasoline
blends.[41]This system can also test the effects of different exhaust
filters or fuels.[42]

In the study of Steiner et al.[42] a combination of assays was
applied to investigate the oxidative stress response of diesel ex-
haust treated with a non-catalysed diesel particle filter. The whole
and particle-filtered exhaust (i.e. only the gaseous exhaust frac-
tion) was exposed to a lung cell co-culture model composed of
human bronchial cells, macrophages, and dendritic cells at the
air-liquid interface. It could be shown that filtered diesel exhaust
was highly oxidative, more than unfiltered exhaust as quantified
by total reduced glutathione (Fig. 2b), while both exhaust types
triggered comparable responses to oxidative stress as measured
by HMOX1 (Fig. 2c) and SOD1 gene expression. These results
allow the differentiation between the toxicity of the particulate
and gaseous fractions of diesel exhaust and show that a non-cat-
alysed particle filter is not sufficient to eliminate the induction of
oxidative stress in the filtered exhaust. Other studies looked at
cell responses of ambient PM from urban and rural locations and

dised derivative 8- hydroxy-2’-deoxy-guanosine as biomarkers
for oxidative stress.[22] In addition, the cellular antioxidative re-
sponse can be assessed by glutathione (GSH), a major antioxidant
in the lung, usually present in the reduced form. Changes in the
ratio between reduced GSH and oxidised GSSG can be quanti-
fied as a measure of increased oxidative stress. The transcriptional
response to oxidative stress can also be determined by real-time
reverse-transcriptase polymerase chain reaction (rt-PCR) using
cell lysates. An increased gene expression of enzymes such as
heme oxygenase 1 (HMOX1) and superoxide-dismutase (SOD1)
indicates an activated antioxidant response.

3. Results

3.1 Quantification of ROS and OP in PM
As mentioned above, 60% to 99% of particle-bound ROS and

OP from a wide range of sources have a lifetime of only min-
utes to hours, illustrating the advantage of online instruments for
ROS and OP characterisation.[17] In recent years we synthesised
and quantified atmospherically relevant compounds that could
account for this dominant short-lived fraction of OP and ROS
in PM. The lifetime of hydroperoxides, and peroxy acids,[23,24] or
organic radicals[25] formed during the oxidation of organic com-
pounds like terpenes (an important compound class forming PM)
was characterised in matrices typical for atmospheric PM and was
found to be in the range of minutes to hours, similar to ROS and
OP in aerosols.[17]

In laboratory experiments, the online AA- and DCFH-instru-
ments mentioned above[12,16] were used to quantify OP and ROS
in SOA, which is one of the most important types of PM in the
atmosphere. SOA from anthropogenic sourceswas found to contain
much higher concentrations of ROS, than SOA from natural sourc-
es, indicating that anthropogenic SOA sources might have a higher
toxicity[26]. Metals present in PM (often emitted by anthropogenic
sources) were shown to alter OP and ROS in SOA.[27] Combus-
tion emissions are another important particle source containing
not only directly emitted particles but also contributing to SOA
due to the large amount of gaseous organic and nitrogen oxides
emissions. Using our novel online instruments, we could show
that direct tail pipe PM exhaust has little OP activity whereas
the exposure of the exhaust to UV light and oxidising gases
such as ozone and OH radicals (mimicking atmospheric oxi-
dation conditions) can increase ROS and OP levels by orders
of magnitude.[28] A DCFH online instrument was used to char-
acterise OP in ambient PM in Bern and Beijing[29] identifying
SOA as important contributors to OP, in addition to residential
heating and traffic exhaust. An online DTT instrument was also
deployed in Beijing and found that both primary combustion
related PM and SOA substantially contribute to OP.[14]An on-
line FOX instrument deployed at an urban air quality station in
Lausanne (Switzerland) indicated that O

3
strongly contributes

to overall OP, notably more than PM
2.5
, while NO

2
does not ap-

pear to play a role.
Such online measurements provide high time resolution OP

and ROS concentration profiles showing a highly dynamic diurnal
structure of OP activity with maxima in the morning and after-
noon, which are distinctly different from total PM diurnal pattern
and thus suggest that not all PM sources are equally contributing
to OP and ROS.[14,30]

As mentioned above, offline ROS and OP analysis allows the
characterisation of OP across a wide range of locations due to
the abundant availability of PM filter samples worldwide. Dael-
lenbach et al. performed offline analyses using DTT, DCFH, and
AA in selected Swiss and European locations and found that OP
levels vary strongly between seasons and environments (rural,
urban, urban-traffic).[31]This study used air quality modelling to
identify traffic exhaust and biomass burning as significant con-
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multilinear regression statistical analyses of ambient data sets, for
which more studies are urgently needed.

4.2 Biological Effects of ROS and OP
Analysing and comparing oxidative stress reactions in lung

cells upon PM exposure is challenging. Several technical solu-
tions exist to expose the cells to PM from various sources and
online as well as offline particle deposition methods are used in
the literature, which makes it difficult to compare results. Online
deposition of PM onto cells cultured at the air-liquid interface
(mimicking the conditions in the lung) will be essential to assess
ROS and OP biological effects due to the short-lived nature of
many ROS components. In addition, different lung cell models
are currently used, ranging from lung cell monocultures to vari-
ous co-cultures. It is also largely unexplored how biological ef-
fects translate to organs beyond the lung and to systemic effects.
Studies often differ in the biological parameters and assays used,
making it difficult to compare results.[19]Another challenge is the
relatively low exposure to lung cells using air-liquid exposure sys-
tems. Cells can only be kept in such exposure systems for several
hours, and therefore the experimental window for PM exposure
is limited, which poses a challenge to assess long term exposure
effects in a lab experiment.

To identify the most toxic PM sources in the polluted atmo-
sphere (outdoors and indoors) and to elucidate the biological
mechanisms leading to cellular damage and ultimately to disease
and to elucidate the specific role of OP and ROS in these process-
es, a continued close collaboration between atmospheric sciences
and cell biology, toxicology and epidemiology will be essential.
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