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Abstract. In addition to its mass concentration, the health
effects of urban particulate matter may depend on its parti-
cle size distribution and chemical composition. Yet air pollu-
tion regulations rely on exclusively bulk PM10 concentration
measurements, without regard to their potentially different
health effects under different conditions. Aerosols from var-
ious sources are well known to contain a plethora of toxic,
carcinogenic, mutagenic or teratogenic constituents such as
heavy metals and polycyclic aromatic hydrocarbons. Exten-
sive public health studies established the link between mass
concentrations of PM2.5 / PM10 and health problems within
the population. However, little is known about the relative
importance of PM from different sources and the effect of
seasonality on the toxicity. Here we present the application
of a simple and sensitive method for the direct assessment
of the overall ecotoxicity of various PM2.5 / PM10 samples
collected on filters. The method is based on theVibrio fis-
cheribioluminescence inhibition bioassay that has been stan-
dardized for solid samples, representing a relevant biolog-
ical exposure route. Direct emission samples proved to be
significantly more ecotoxic than photochemically processed
aerosol, thus marked differences were observed between the
ecotoxicities of urban PM10 in summer and winter. These ef-
fects of urban PM10 may be useful supplementary indicators
besides the mass concentrations of PM2.5 / PM10 in cities.

1 Introduction

The health hazard posed by urban air pollution is evaluated
and regulated on the basis of time-weighted average con-
centrations of criteria pollutants (e.g. NOx, CO, O3, SO2
and PM2.5 / PM10). The latter is now identified as one of the
most dangerous pollutants on human health by the EU new

directive on air quality (2008/50/CE). In cities the sources
of particulate matter are manifold, and the relative contri-
butions of potential sources have been studied extensively
(Schauer et al., 2006). Traffic-related sources such as ve-
hicular exhaust, brake- or tire wear are important and more
or less constant throughout the year whereas the intensities
of other sources such as wood combustion are strongly sea-
sonal. Emission from specific sources, for example road dust
resuspension have strong dependence on meteorological fac-
tors. Atmospheric transport and photochemical transforma-
tions are also massively dependent on meteorology, yielding
secondary aerosols which become the predominant compo-
nent of urban particulate matter during summer.

The specific hazard associated with urban particulate mat-
ter is generally linked to the presence of toxic metals and
hundreds of carcinogenic, mutagenic or toxic organic com-
pounds such as polycyclic aromatic hydrocarbons (PAHs) or
organic nitrates (Kelly and Fussel, 2012). In addition to in
vivo acute toxicological tests, several in vitro bioassays have
been developed and applied to explain the mechanisms of
adverse effects caused by particulate matter. The dithiothre-
itol (DTT) assay is widely used to asses PM redox activity,
utilizing the reduction of oxygen by dithiothreitol (Cho et
al., 2005; DeVizcaya-Ruiz et al., 2006; Geller et al., 2006;
Montiel-Dávalos et al., 2010; Verma et al., 2011). The for-
mation of reactive oxygen species (ROS) is hypothesised to
initiate oxidative stress in affected cells which in turn is as-
sociated with the development of many adverse health ef-
fects. Although oxidative stress might explain not only ad-
verse health but also adverse ecological effects, there has
been little effort to carry out ecotoxicological tests to as-
sess the risk posed by PM on non-human biota. One pos-
sible reason could be that normally very low amount of PM
can be collected (which in many cases limits the evaluation
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of PM toxicity as argued by DeVizcaya-Ruiz et al., 2006).
Different mass contributions from various sources and dif-
ferent rates of atmospheric transformations yield markedly
different chemical compositions of PM2.5 / PM10. In spite of
this fact, PM2.5 / PM10 is treated in exactly the same way as
any other criteria pollutant, i.e. as if it were single chemical
species.

Extensive public health studies that establish the link be-
tween mass concentrations of PM2.5 / PM10 and health prob-
lems within the population can be found in the literature
(Pope and Dockery, 2006 and references therein). However,
little is known about the relative importance of PM from dif-
ferent sources and the effect of seasonality on the toxicity.
Due to the complexity of the PM2.5 / PM10 chemical compo-
sition and the very low quantities available, direct measure-
ments of the hazard posed by the particles are only sparsely
available (Steenhof et al., 2011; Soto et al., 2008).

Ecotoxicity assays involving test microorganisms have
long been routinely applied for surface and wastewaters for
the assessment of their ecological and potential health hazard
(Lin and Chao, 2002). The most frequently applied bacterial
bioassay usesVibrio fischeri, marine, bioluminescent bacte-
ria (Vouitsis et al., 2009). The light output of luminescent
microorganisms which emit light as a normal consequence
of respiration is read by a luminometer. Chemicals or chem-
ical mixtures, which are toxic to the bacteria, cause changes
in some cellular structures or functions such as the electron
transport system, cytoplasmic constituents or the cell mem-
brane, resulting in a reduction in light output proportional
to the strength of the toxin. As bioluminescence is directly
linked to respiratory activity, it gives a good indication on
the metabolic activity of the organism. It has been found to
show good correlation with in vivo tests on higher organisms
(Fort, 1992). Bioluminescence inhibition bioassays were suc-
cessfully deployed for the assessment of potential health ef-
fects of organic extracts of particulate matter collected from
vehicular exhaust (Lin and Chao, 2002; Isidori et al., 2003;
Papadimitriou et al., 2008; Vouitsis et al., 2009). However,
these studies only assess the ecotoxicity of a subfraction of
PM2.5 / PM10, and the deployment of organic solvents such
as dimethyl-sulphoxide (DMSO) or dichloromethane, com-
bined with Soxhlet extraction does not represent a realistic
environmental exposure route.

Very recently we have developed a simple method for the
direct assessment of the overall ecotoxicity of PM2.5 / PM10
(Kováts et al., 2012). This method is based on the kinetic ver-
sion of theVibrio fischeribioluminescence inhibition bioas-
say (Lappalainen et al., 1999) that has recently been stan-
dardized for the assessment of coloured suspensions such as
sludge or sediment (ISO 21338:2010: Water quality – Kinetic
determination of the inhibitory effects of sediment, other
solids and coloured samples on the light emission ofVib-
rio fischeri /kinetic luminescent bacteria test/). Contrary to
previous other measurements, the bulk samples are assayed
without prior extraction, and no organic solvents are applied.

The objective of this paper is to present the application
of this direct ecotoxicity test for aerosol samples of various
origin, ranging from emission samples to ambient, from sam-
ples taken in photochemical smog to those collected during
high pollution episodes in winter. In addition, based on the
results of these measurements a comparison of ecotoxicities
of various aerosol types is presented.

2 Methodology

2.1 Sample collection

Aerosols of various types (in Table 1) were sampled on
quartz fiber filters. Urban PM10 samples were collected on
24-h basis with MSP personal PM10 sampler at a flow rate
of 10 l min−1 near a FAG FH 62 I-Nβ-gauge dust monitor at
the Main Observatory of the Hungarian Meteorological Ser-
vice in Budapest. Samples were taken between 29 July–14
August 2009 and 20 January–12 February 2010. 18 summer
and 24 winter PM10 samples were selected from these sam-
pling periods for analyses.

Aerosol samples from the exhausts of 11 passenger cars
with diesel engines and 6 buses of different engine types were
collected with a ḰALM ÁN PM2.5 sampler at a flow rate of
32 m3 h−1 for 10 min at idling in a closed premise about 1 m
from the tailpipes.

Cigarette smoke and biomass smoke were sampled with
an MSP personal PM10 sampler at a flow rate of 10 l min−1.
Cigarette smoke samples were collected in a closed premise
for 30 min. Biomass smoke samples were collected for
30 min downwind from an open fireplace while burning
small pieces of softwoods and hardwoods. Sampling times
in all cases were selected to provide filter loads of about the
same magnitude.

Resuspended road dust samples were collected with a
special PM10 sampling unit including a PARTISOL FRM-
2000 aerosol sampler operating at a flow rate of 16.7 l min−1

(Turóczi et al., 2012; Gelencsér et al., 2011). A rectangu-
lar stainless-steel hood was fixed to the front of a labora-
tory cart 0.5 cm above the road surface. A leaf blower was
connected to the hood through two facing nozzles via a split
flexible hose to induce turbulence inside the hood. The hood
was connected to an alumina housing containing the R&P
PM10 inlet. A PARTISOL-FRM MODEL 2000 sampler col-
lected resuspended PM1–10 samples in a cyclone separator
and PM1 samples on filters. The sampling unit was powered
with a portable electrical power generator, also mounted on
the platform. The sampling times were 2 h. In the case of
emission samples both the conditions of sampling and the
short sampling times ensure that the contribution of ambient
PM is practically negligible.
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Table 1.Number of aerosol samples of various origins.

Aerosol types Size range n

Urban aerosol (winter) PM10 24
Urban aerosol (summer) PM10 18
Diesel emission aerosol (LDV) PM2.5 11
Diesel emission aerosol (bus) PM2.5 6
Cigarette smoke PM10 8
Biomass smoke PM10 5
Resuspended road dust PM1–10 3

2.2 Ecotoxicity testing

Ecotoxicological tests are controlled, reproducible tests
where ecological responses are determined quantitatively,
most often as EC50, that is the effective concentration caus-
ing 50 % of effect. These tests cannot only provide quan-
titative information on the (eco)toxic effect, but a clear
concentration-response relationship can be established and
concentration-response or stressor-response patterns can be
evaluated.

Since aerosol samples are collected on filters and ecotoxi-
city is to be measured in aqueous suspensions, a novel sam-
ple preparation protocol was developed (Kováts et al., 2012).
2 mg of resuspended road dust samples were weighted with a
microbalance (10 µg sensitivity) into 4 ml pre-weighted vials.
From the filter samples spots of 25 mm in diameter were
cut with a special puncher and ground in an agate mortar
then transferred to vials, because the aerosol masses on fil-
ter spots were approximately 2 mg. 2 ml of high-purity water
was added to each vial and suspension was prepared by con-
tinuous stirring.

The aqueous suspensions were measured with Thermo Lu-
minoscan Ascent unit. Ecotoxicity (EC50 values) of samples
were calculated using Ascent Software provided by Aboatox
Co. The blank filters showed no ecotoxicity.

Ecotoxicity (EC50) of a sample was determined as the ab-
solute mass of aerosol particles that causes 50 % reduction in
the bioluminescence output of the test organisms relative to
the control under the given experimental conditions. There-
fore EC50 is expressed in units of mg as calculated from mea-
sured mass of aerosol on the total filter by scaling to the area
of the sample spot. The lower the value of EC50 is, the higher
the ecotoxicity of the sample.

2.3 Determination of mass concentrations of total
aerosols, levoglucosan and NOx

The mass concentrations of the summer and winter urban
PM10 samples were determined directly by the FAG FH 62 I-
N β-gauge dust monitor. According to the weekly standard
comparisons done by the monitoring authorities the differ-
ence between the PM10 measured byβ-gauge dust monitor
and that measured gravimetrically at RH 50 % is less than

5 %. The PM10 mass of cigarette smoke, biomass smoke and
resuspended road dust samples were determined by gravi-
metrically with a microbalance (10 µg sensitivity). The PM2.5
mass concentrations of diesel engine exhaust samples were
determined indirectly by total carbon (TC) mass measure-
ments. In recent studies the TC / PM2.5 ratio is 0.92 for pas-
senger cars (Graham, 2005) and 0.85 for HDVs (Matti Mar-
icq, 2007; Lowenthal et al., 1994). The total carbon concen-
trations were quantified with Zellweger Astro TOC 2100 to-
tal carbon analyzer.

The mass concentrations of levoglucosan (LGS) as a tracer
for biomass burning were determined after silylation by
gas chromatography-mass spectrometry (GC-MS) (Medeiros
and Simoneit, 2007). For winter PM10 samples the NOx mass
concentration data and meteorological parameters were pro-
vided by the Hungarian Meteorological Service for the same
sampling site.

3 Results and discussion

EC50 values of various aerosol types are compared in Fig. 1.
Mean values and ranges at 95 % probability level of ecotox-
icity are shown on the bars. Note that since EC50 values are
measured with the same experimental setup and expressed as
mass of aerosol, they are specific quantities which are inde-
pendent of the filter loads.

In general, emission samples proved to be the most eco-
toxic among all aerosol types tested. Fresh biomass smoke
and cigarette smoke were of about the same level of ecotoxi-
city. Perhaps surprisingly, most diesel engine emission sam-
ples had higher EC50 values (thus lower ecotoxicities) than
biomass smoke samples. While this finding warrants further
studies it is worthy of note that by using a different toxico-
logical approach Klippel and Nussbaumer (2007) also found
that particles emitted by incomplete biomass burning showed
higher toxicity than diesel soot. Diesel emission samples of
passenger cars showed more scatter in measured EC50 val-
ues possibly due to different engine types, conditions and/or
fuel qualities. Among the diesel engine emission samples of
buses the EC50 values showed very high correlation with en-
gine standards: ecotoxicity of EURO 0 and 1 engines were
found to be the highest and that of EURO 4 engine was
not to be detected. Given that the average particulate emis-
sion factor from a typical EURO 1 engine is in the range
of 0.4 g kW h−1, whereas the limit for an EURO 4 engine
is 0.02 g kW h−1, the reduction of potential acute health ef-
fects when replacing EURO 1 engines with EURO 4 ones
is huge! These findings clearly justify the efforts of the Eu-
ropean Commission to introduce stricter vehicle emission
standards. Resuspended road dust as an aerosol source type,
proved to be by far the least ecotoxic due to high fraction of
inert mineral phases (Turóczi et al., 2012).

Among the ambient aerosol samples, urban PM10 col-
lected in winter and summer showed markedly different
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Fig. 1. Comparison of EC50 values of aerosols of various types.
Note that the lower the EC50 value, the higher the ecotoxicity of
the sample is.∗ The diesel emission of EURO 4 engine was not
ecotoxic.

ecotoxicities, with practically no overlap between the ranges
of their EC50 values. Winter PM10 showed significantly
higher ecotoxicity than summer PM10, even exceeding the
ecotoxicity of EURO 4 diesel engine emissions! The low
EC50 values of winter PM10 in Budapest follow from the
high contribution of vehicular emissions from a rather aged
vehicle fleet (average ages of LDVs and HDVs were 10 and
12 yr in 2010, respectively) as well as from the similarly
high share of wood burning emissions which are also eco-
toxic (Gelencśer et al., 2007). On the contrary, in summer
the major source contributor to carbonaceous fraction of the
PM2.5 in the region is secondary organic aerosol (SOA) from
predominantly biogenic precursors (Gelencsér et al., 2007).
A comprehensive recent study on PM10 chemistry in Eu-
rope showed that the mass contributions of inorganic salts
to total PM10 vary quite little between the different seasons
(Putaud et al., 2010). As the highly ecotoxic fresh biomass
burning aerosol of winter PM10 / PM2.5 is substituted with
SOA in summer, a potential reduction of ecotoxicity may be
expected. Due to the higher temperatures in summer there
is significantly less condensation of semi-volatile organic
compounds many of which are known to be highly ecotoxic
(Reid et al., 1998; Verma et al., 2011). Furthermore, the
significantly higher degree of atmospheric mixing in sum-
mer reduces the relative share of primary emission partic-
ulates and increases the contribution of atmospheric trans-
port. Bioaerosol particles of probably negligible ecotoxicity
are also more abundant in summer than in winter. Under dry
conditions in summer the contribution of resuspended dust
(which is largely inert and has very low specific ecotoxicity)
to PM10 can be quite significant. Overall, the combination
of these reinforcing factors may account for the significantly
higher EC50 values (lower ecotoxicities) found in summer
PM10 relative to those in winter.

Fig. 2. Time series of the ratios of EC50 / LGS [mg m3 µg−1] and
EC50 / NOx [mg m3 µg−1] in winter urban PM10 in the period be-
tween 20 January and 12 February 2010. The mixing heights are
daily average values.

Figure 2 shows the ratios of EC50 / LGS and EC50 / NOx in
the winter urban PM10 which varied substantially as a func-
tion of local meteorological conditions and the level of pri-
mary pollution.

The EC50 / NOx and EC50 / LGS ratios changed quite sim-
ilarly during this period and their variations largely followed
that of the mixing height. These findings imply that during
high pollution episodes the relative mass contribution of lo-
cally emitted primary particulates increased at the expense
of particles from atmospheric transport and other sources
resulting in higher ecotoxicities compared to the low pol-
lution case. In other terms, during high pollution episodes
(smog alerts) not only the mass concentrations of PM10 are
higher but the particles are significantly more ecotoxic on a
per mass basis (up to a factor of 10) than during low pollu-
tion episodes! This highly unfavourable effect is implicitly
reflected in air quality standards on PM10 / PM2.5 mass con-
centrations.

4 Conclusions

Ecotoxicities of bulk PM10 / PM2.5 of various types were di-
rectly measured by a novel ecotoxicity test. The results were
not surprising in the sense that emission samples were gener-
ally more ecotoxic than ambient ones. However, wood smoke
was found to be more ecotoxic than particulates emitted from
modern diesel engines. This finding is unexpected and war-
rants further studies which might have an impact on future
air quality legislation. The vast difference between the eco-
toxicities of EURO 4 and EURO 1 diesel engines of buses –
combined with the similarly large differences between their
particulate emissions – underlines the importance of speed-
ing up the introduction of tighter emission standards. It fol-
lows from the higher ecotoxicity of primary emission that
urban PM10 proved to more ecotoxic in winter than in sum-
mer due to the vast difference in aerosol sources and the de-
gree of atmospheric mixing. An alarming conclusion of the
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present study is that in winter urban PM10 / PM2.5 has sig-
nificantly higher specific ecotoxicity during high pollution
episodes than in times of low pollution levels. These results
refer to the ecotoxicity of the particulates only and definitely
not to their potential acute or chronic (carcinogenic, muta-
genic, teratogenic etc.) effects on humans.
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