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Abstract

In addition to its mass concentration, the health effects of urban particulate matter may
depend on its particle size distribution and chemical composition. Yet air pollution reg-
ulations rely on exclusively bulk PM,, 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 hydrocar-
bons. In spite of the fact that tremendous efforts have been put to establish links be-
tween aerosol pollution and human health or mortality, the potential acute effects of
PM, s/PM;, have never been assessed for lack of adequate methodology. Here we
present the application of a simple and sensitive method for the direct assessment of
the overall ecotoxicity of various PM, 5/PM,, samples collected on filters. The method
is based on the Vibrio fischeri bioluminescence inhibition bioassay that has been stan-
dardized for solid samples, representing a relevant biological exposure route. Direct
emission samples proved to be significantly more ecotoxic than photochemically pro-
cessed aerosol, thus marked differences were observed between the ecotoxicities of
urban PM;, in summer and winter. The previously overlooked acute effects of urban
PM,, may add to the established effects of gaseous primary pollutants aggravating
health problems during severe air pollution episodes.

1 Introduction

The health hazard posed by urban air pollution is evaluated and regulated on the basis
of time-weighted average concentrations of criteria pollutants (e.g. NO,, CO, O, SO,
and PM, 5/PM,,). 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 contributions of potential
sources have been studied extensively (Schauer et al., 2006). Traffic-related sources
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such as vehicular 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 seasonal. Emission from specific sources, for example road dust resus-
pension have strong dependence on meteorological factors. Atmospheric transport and
photochemical transformations are also massively dependent on meteorology, yielding
secondary aerosols which become the predominant component of urban particulate
matter during summer.

The specific hazard associated with urban particulate matter is generally linked to
the presence of toxic metals and hundreds of carcinogenic, mutagenic or toxic organic
compounds such as polycyclic aromatic hydrocarbons (PAHs) or organic nitrates. Dif-
ferent mass contributions from various sources and different rates of atmospheric trans-
formations yield markedly different chemical compositions of PM, 5/PMy,. In spite of
this fact, PM, 5/PM,, 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 between mass concentrations of PM, 5/PM;, and health problems within the
population cannot differentiate between PM, s/PM,, by origin and chemical composi-
tion.

Due to the complexity of the PM, s/PM;, chemical composition and the very low
quantities available, direct measurements of the hazard posed by the particles are only
sparsely available.

Ecotoxicity assays involving test microorganisms have long been routinely applied
for surface and wastewaters for the assessment of their ecological and potential health
hazard. The most frequently applied bacterial bioassay uses Vibrio fischeri, marine, bi-
oluminescent bacteria. The light output of luminescent microorganisms which emit light
as a normal consequence of respiration is read by a luminometer. Chemicals or chemi-
cal 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
membrane, 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 indi-
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cation on the metabolic activity of the organism. It has been found to show good correla-
tion with in vivo tests on higher organisms (Fort et al., 1992). Bioluminescence inhibition
bioassays were successfully deployed for the assessment of potential health effects 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 PM, 5/PM,,, and the de-
ployment of organic solvents such as dimethyl-sulphoxide (DMSO) or dichloromethane,
combined 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 PM, s/PM,, (Kovats et al., 2012). This method is based on the
kinetic version of the Vibrio fischeri bioluminescence inhibition bioassay (Lappalainen
et al., 1999) that has recently been standardized for the assessment of coloured sus-
pensions such as sludge or sediment (ISO 21338:2010: Water quality — Kinetic deter-
mination of the inhibitory effects of sediment, other solids and coloured samples on the
light emission of Vibrio fischeri /kinetic luminescent bacteria test/). Contrary to previ-
ous 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 new methodology
for aerosol samples of various origin, ranging from emission samples to ambient, from
samples 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 for the very first time to the best of
our knowledge.
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2 Methodology
2.1 Sample collection

Aerosols of various types (in Table 1) were sampled on quartz fiber filters. Urban PM;
samples were collected on 24-h basis with MSP personal PM,, sampler at a flow rate
of 10Imin™" near a FAG FH 62 I-N [-gauge dust monitor at the Main Observatory
of the Hungarian Meteorological Service in Budapest. Samples were taken between
29 July—14 August 2009 and 20 January—12 February 2010. 18 summer and 24 winter
PM,, samples were selected from these sampling 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 KALMAN PM, s sampler at
a flow rate of 32m®h~" for 10min at idling in a closed premise about 1 m from the
tailpipes.

Cigarette smoke and biomass smoke were sampled with an MSP personal PM,,
sampler at a flow rate of 101 min~". 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 PM,, sampling
unit including a PARTISOL FRM-2000 aerosol sampler operating at a flow rate of
16.7 Imin~" (Turoczi et al., 2012; Gelencsér et al., 2011).

2.2 Ecotoxicity testing

Since aerosol samples are collected on filters and ecotoxicity is to be measured in
aqueous suspensions, a novel sample preparation protocol was developed (Kovats
et al., 2012). 2mg of resuspended road dust samples were weighted with a microbal-
ance (10 pg 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
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transferred to vials, because the aerosol masses on filter spots were approximately
2mg. 2ml of high-purity water was added to each vial and suspension was prepared
by continuous stirring.

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

Ecotoxicity (ECgp) of a sample was determined as the absolute mass of aerosol par-
ticles that causes 50 % reduction in the bioluminescence output of the test organisms
relative to the control under the given experimental conditions. Therefore ECg is ex-
pressed in units of mg as calculated from measured mass of aerosol on the total filter
by scaling to the area of the sample spot. The lower the value of ECg is, the higher
the ecotoxicity of the sample.

2.3 Determination of mass concentrations of total aerosols, levoglucosan and
NO,

The mass concentrations of the summer and winter urban PM,, samples were deter-
mined directly by the FAG FH 62 I-N 3-gauge dust monitor. The PM,, mass of cigarette
smoke, biomass smoke and resuspended road dust samples were determined by gravi-
metrically with a microbalance (10 pg sensitivity). The PM, 5 mass concentrations of
diesel engine exhaust samples were determined indirectly by total carbon (TC) mass
measurements. In recent studies the TC/PM, 5 ratio is 0.92 for passenger cars (Gra-
ham et al., 2005) and 0.85 for HDVs (Matti et al., 2007; Lowenthal et al., 1994). The
total carbon concentrations were quantified with Zellweger Astro TOC 2100 total car-
bon 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 et al., 2007). For winter PM,, samples the NO, mass concentration data and
meteorological parameters were provided by the Hungarian Meteorological Service for
the same sampling site.
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3 Results and discussion

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

In general, emission samples proved to be the most ecotoxic among all aerosol
types tested. Fresh biomass smoke and cigarette smoke were of about the same level
of ecotoxicity. Perhaps surprisingly, most diesel engine emission samples had higher
ECs, values (thus lower ecotoxicities) than biomass smoke samples. Diesel emission
samples of passenger cars showed more scatter in measured ECg, values possibly
due to different engine types, conditions and/or fuel qualities. Among the diesel engine
emission samples of buses the ECy, values showed very high correlation with engine
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 emission
factor from a typical EURO 1 engine is in the range of 0.4 g kWh™', whereas the limit
for an EURO 4 engine is 0.029g kWh™', the reduction of potential acute health effects
when replacing EURO 1 engines with EURO 4 ones is huge! These findings clearly
justify the efforts of the European 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 (Turoczi et al., 2012).

Among the ambient aerosol samples, urban PM,, collected in winter and summer
showed markedly different ecotoxicities, with practically no overlap between the ranges
of their ECg values. Winter PM, proved to be significantly more ecotoxic than summer
PM,,, even exceeding the ecotoxicity of EURO 4 diesel engine emissions! Any other
chronic health effects of urban PM, aside, this finding is very astonishing and reflects
a dim view on urban air quality with all its potential consequences! The low ECg, values
of winter PM,, 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 in
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2010, respectively) as well as from the similarly high share of wood burning emissions
which are also ecotoxic (Gelencsér et al., 2007). Furthermore, the rates of atmospheric
photooxidation are typically rather low in winter, so is the degree of atmospheric mixing
due to the low mixing height and frequent inversions. On top of these, condensation of
semi-volatile compounds onto the particles is favoured at low temperatures in winter. All
of these factors result in that the high ecotoxicities of emission particulates are largely
preserved in urban PM,, in winter.

Figure 2 shows the ratios of EC5,/LGS and ECsy,/NO, in the winter urban PM,,
which varied substantially as a function of local meteorological conditions and the level
of primary pollution.

The EC5y/NO, and ECgy/LGS ratios changed quite similarly 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 locally emitted primary
particulates increased at the expense of particles from transport and other sources
resulting in higher ecotoxicities compared to the low pollution case. In other terms,
during high pollution episodes (smog alerts) not only the mass concentrations of PM,,
are higher but the particles are significantly more ecotoxic on a per mass basis (up
to a factor of 10) than during low pollution episodes! This highly unfavourable effect
has never been considered in air quality regulations which focus on PM,,/PM, 5 mass
concentrations only.

During summer none of the conditions relevant in winter apply to urban PM,,. The
major source contributor to PM, 5 in the region in summer is secondary organic aerosol
from predominantly biogenic precursors (Gelencsér et al., 2007). In urban PMy, this
source may be supplemented with resuspended road dust which is largely inert and has
very low specific ecotoxicity. These factors in themselves can explain the significantly
higher EC*° values (lower ecotoxicities) of summer PM,, relative to that of winter. It
might also be that photooxidation reduces the acute effects (ecotoxicity) of emission
particulates (and volatile organic compounds) though it cannot be proven by the results
of the present study.
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4 Conclusions

Ecotoxicities of bulk PM,,/PM, 5 of various types were directly measured for the first
time to the best of our knowledge. The results were not surprising in the sense that
emission samples were generally more ecotoxic than ambient ones. However, wood
smoke was found to be more ecotoxic than particulates emitted from modern diesel
engines. This finding is perhaps unexpected but definitely should have an impact on
future air quality legislation. The vast difference between the ecotoxicities of EURO 4
and EURO 1 diesel engines of buses — combined with the similarly large differences
between their particulate emissions — underlines the importance of speeding up the
introduction of tighter emission standards. It follows from the higher ecotoxicity of pri-
mary emission that urban PM,, proved to more ecotoxic in winter than in summer due
to the vast difference in aerosol sources and the degree of atmospheric mixing. An
alarming conclusion of the present study is that in winter urban PM,o/PM, 5 has sig-
nificantly higher specific ecotoxicity during high pollution episodes than in times of low
pollution levels. This effect potentially aggravates the health risks posed by the high
ambient concentrations of urban particulate matter. These results refer to the ecotoxi-
city of the particulates only and not to their potential chronic (carcinogenic, mutagenic,
teratogenic etc.) effects.
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Table 1. Number of aerosol samples of various origins.

Aerosol types Sizerange n
Urban aerosol (winter) PM,, 24
Urban aerosol (summer) PM,, 18
Diesel emission aerosol (LDV) PM, 5 11
Diesel emission aerosol (bus) PM, 5 6
Cigarette smoke PM,, 8
Biomass smoke PM,, 5
Resuspended road dust PM;_10 3
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