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CHAPTER 1

INTRODUCTION

Carcinogenicity of ambient airbome particles
Studies on the mutagenic effects of ambient airborne particles and the presence
of polycyclic aromatic hydrocarbons (pAH) in these particles are motivated by
the concern about possible carcinogenic effects in humans exposed to these
particles by inhalation. Both mutagenicity and the presence of pAH may be
related with possible carcinogenic effects of the particles; mutagenicity, because
it is a toxicological effect which plays a predominant role in carcinogenesis
(Mohn, 1980;Varmus, 1984; Barbacid, 1987; Bishop, 19g7;IARC, 19gg; Rowley,
79x)), and the presence of PAH, because members of this group of compounds
can have carcinogenic or mutagenic properties (Dipple, 1976; Gelboin and rs,o,
1978; NRC, 1972 and 1983; IARC, 1973 and 1983; Montizaan et al., 19g9).

concern about the possible carcinogenic effects of ambient airborne
particles was not triggered by their mutagenic properties or by the presence
of PAH. Before the particles were found to be mutagenic or to contain pAH,
other, more direct indications for their carcinogenicity had been obtained. In
retrospect, one has to go back as far as the l8th century for the first indication,
when the british surgeon sir percival pott attributed the high incidence of
scrotum cancer in chimney sweeps to their excessive exposure to soot (pott,
1775). This was the first study which showed that occupational exposure to
chemical substances may have carcinogenic effects. In fact it was also, the first
study which pointed to the possibility that chemical substances may have
carcinogenic properties. As soot in smoke will generally not be completely
retained by the chimney, part of it will be emitted to the ambient air, which
makes clear that Pott's study was also the fîrst pointing to the possibility of air
pollution by carcinogens, although pott himself did not reach this conclusion.

This does not mean that in pott's time there was no awareness of the
possible adverse health effects of air pollution caused by combustion processes.
The earliest known publication on this subject appeared already in the 17,h
century (-odge, 1969; chambers, 1976). yet, it took more than 150years before
the importance of Pott's observation was recognized in terms of a possible
carcinogenic effectof air pollution. Meanwhile, pott's observationwas confirmed
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by other authors (Henry, 1946). The first experimental evidence for the
carcinogenicity of soot was obtained in the 1920's by Passey, who showed that
skin tumours could be induced in mice by painting the animals with extracts
of household chimney soot (Passey, 1922). Comparable results were reported
by Campbell in 1934.

In the 1940's Leiter and coworkers were the first to demonstrate that
extracts of ambient airborne particles induce tumours in mice after subcutaneous
injection (Leiter et al., 1942; Leiter and Shear, 194211943). Since then the
carcinogenicityof ambient airborne particles for experimental animals has amply
been confirmed by other investigators (Kotin et al., 19544; Hueper et a1.,1962;
Wynder and Hoffmann, 1965; Epstein et a1.,1979; Pott et al., 1980). In addition,
the obvious sources for the carcinogens, combustion processes, were found to
indeedemit particulatecarcinogens to ambient air (Kotin et al., 19548 and 1955;
Gurinov et al.,1962;Hoffmann et al., 1965; Grimmer et al., 1983, 1984 and 1985;
IARC, 19844 and 1989).

The consequence of these findings was a growing concern about a possible
enhancement of the lung-cancer incidence in the human population caused by
the inhalation of ambient airborne particles. Some epidemiological studies in
the 1950's and 1960's aggravated this concern, as they showed that living in urban
areas with heavy air pollution was linked with an increased lung-cancer risk
(Kotin, 1956; Eastcott,7956; Dean, 1959; Stocks, 1960; Wynder and Hammond,
1962; Bluell and Dunn, 1967; McCall and Stenhouse,lgTl; Friberg and Cederlöt
1978). This so-called urban factor in the aetiology of lung cancer has originally
been attributedto the higher air-pollutionlevels in the urbanenvironment. Later
its link with air pollution has been seriously disputed and at the moment it is

largely ascribed to live-style related factors and occupational factors, although
a contribution by air pollution can still not be excluded (Goldsmith and Friberg,
1977; Doll, 1978; IARC, 1976A and 1977). Nevertheless, the urban factor has
greatly stimulated research on air pollution with carcinogens. Moreover, the
episode of severe sulphurous smog of 1952 in I-ondon, with its high numbers
of fatalities as well as the concern about the health problems associated with
photochemical air pollution in the United States in the L950's and 1960's
(Goldsmith and Friberg, 1977),led to an increasing general awareness that air
pollution can have adverse health effects.

The presence of possible carcinogens in ambient airborne particles
became an important topic in air-pollution research. Questions arose as to the
emission, distribution and fate of the carcinogens, their chemical identity and
physical form, and the exposure levels of the human population. To answer these
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questions' the investigator had initially to rely on chemical analysis for individual
carcinogenic compounds, because carcinogenicity itself could not be used as
a flexible toxicological indicator for the presence of carcinogens in the
environment. carcinogenic polyryclic aromatic hydrocarbons (pAH) found in
theparticles emitted by combustion processes aswell as those present in ambient
air were obvious candidates for subsequent studies (waller, 1952; Kotin et al.,
1954^,1954b and 1955; Falk et al.,1956; Stocks, 1960; Hueper et al., !962;
Wynder and Hoffmann, 1965; Sawicki, 1967; NRC, 1972 and 19g3; Hoffmann
and Wynder,1977; Grimmer, 19334).

Later, biological tests for the mutagenicity of chemical compounds were
developed, which allowed mutagenicity to be used as a pollution indicator with
a certain, albeit limited predictive value as regards the carcinogenicity of the
samples tested (IARC, 1976,1980 and 1986; Mohn, 19g0; ICpEMC, 19g2;
Hoffmann, 1982;De Raat et al, 1985 and 1991). Many studies have since then
demonstrated the clear+ut mutagenicity of particles from areas with anthropoge-
nic air pollution (Thlcott and wei, r977;Pitts et a1.,L977;Teranishi et. al., 197g;
Commoner etal.,1978; Tokiwa et al., 1980; Alftreim and Møller, I979;Møller
and Alfteim, 1980; Chrisp and Fisher, 1980; Alink et al., 1983; De Raat et al.,
1983); again combustion processes were found to be the major, if not the only,
source (I-ofröth, 1978; Alftreim,1982; Møller and Alfheim, 19g3; parri er al,
1983; Wei et a1.,1982; Selzer Madsen et al.,l9B2 Xu et al., l9g2).

Mutagenicity and carcinogenicity
Mutagenicity can be defined as the ability of chemical or phpical agents to induce
changes in the genetic information of living organisms as it is laid down at the
gene, gene segment or chromosome level. Ample evidence exists that such
changes, which are called mutations, play a key role in carcinogenesis. According
to current theory, cancer is the result of the induction of mutations which affect
the functioning of genes involved in the regulation of cell division or cell
differentiation. Changes of the expression of these genes or their gene products
may allow the cell to circumvent the internal and external signals which restrict
its division or determine its differentiation and may ultimateþ lead to unrestricted
cancerous growth (Varmus, 1984; Bishop,1.987;IARC, 1988; Harris et al., 19g9;
Marx, 1989; Westin, 1989; Wiedemann and Morgan, 1992). Consequently,
mutagenic compounds must in principle be regarded as potential carcinogens.
They can induce the changes necessary for the onset, i.e. the initiation of
carcinogenesis.
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This is not to say that mutagens are always carcinogens or that all carcinogens
are mutagens, let alone that a clear quantitative correlation exists between
mutagenic potency and carcinogenic potency (McCann et al., t975A; McCann
and Ames, 1976; Rinkus and l-egator, 1979; Ashby and Styles, 1978; Mohn, 1980;
Brusick, 1983;7æiger and 1ènnant, 1986; ICPEMC, 1988; Bridges, 1988; Ashby
and Tennant, 1988; Ashby and Purchase, 1988; Tþnnant et al.,1987; Ashby et
al., 1989; Ashby and Tennant, 1991). The predictive value of mutagenicity as

an indicator for carcinogenicity can only be limited, for several reasons:

Whether or not a compound can induce the necessary mutations for
the initiation of cancer, depends on its toximkinetics and biotransformati-
on (metabolic (de)activation) in the exposed organism, the nature of
the primary lesions caused by it, their place on the genome, and the
response of the organism to the primary lesions (Diwan and Rice, 1989).
The compound has to reach sensitive cells in its active form and at high
enough concentrations, it has to react with the DNA of the genes
involved in cell division and differentiation and the resulting lesions have
to be converted to mutations. Consequently, a compound can be a strong
carcinogen in one species, organ or tissue, while being devoid of activity
in another. This specificity of carcinogenicity should be taken into
account when the predictive value of mutagenicity is considered.
Mutagenicity can be determined with various test methods, which are
based on different endpoints in different test organisms. Compounds
can strongly differ as regards their activity in these tests. Toxicokinetics,
metabolic conversion and primary damage, as well as the response of
the test organism to this damage will play a role here. Consequently,
the predictive value will depend on the mutagenicity test applied. This
test specificity should be taken into account when the predictive value
of mutagenicity is considered.
Cancer is still regarded as a multi-step process, of which initiation (by
mutagens) represents only the first step (Berenblum, 19414 and 19418;
Berenblum and Shubik, 1948; Goldsworthy and Hanigan, 1987;IARC,
1988; Pitot, 1989; Peraino and Jones, 1989; Barret et al., 1990; yamasaki

et a1.,t99Z;Hennings et al., 1993). Initiation as such does not necessarily
lead to cancerous growth. It has to be followed by two stages which may
mmprise various steps: promotion, which is the stimulation of the already
initiated cell to unrestricted division activity (IARC, 1984; Jongen, 19gg;
Diwan and Rice, 1989) and progression, when cells start to (de)differen-
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tiate and become invasive and malignant (Nicolson, r9g7; pitot, 19g9;
Dulbecco, 1989; Liotta, rw2).It has repeatedly been shown, that like
initiation, promotion can be induced by various classes of chemical com-
pounds, which are not necessarily mutagens. progression is most probabþ
not to any great extent induced and stimulated by external factors; it
seems to be a largely autonomous process.
Recent studies have lead to a reassessment of the conventional multi-step
theory. It has been demonstrated for colorectal cancer and some other
forms of cancer that the development of the disease from its earliest
detectable form to its final malignant stage is accompanied by an
accumulation of genetic alterations which affect the genes involved in
cell division and differentiation (Fearon and vogelstein, 1990; Nowell,
1986; Manr, 1989). so, the idea that mutations are only involved in the
first stage does not seem a valid one. However, this does not mean that
all these mutations have to be induced by external factors. The
development of cancer appears to be accompanied by an increasing
genetic instability (Nicolson, 19g7; Ineb, 191; Boe.sen, lggz).Therefore,
after the development of the disease has been initiated, the necessary
mutations for its proceeding may very well arise spontaneously. This
would still mean, that the effect of the mutagenic compound is largely
restricted to the induction of the first mutation or mutations, i.e. to the
initiation, while further development of the disease does not depend
on external factors.
The genetic instability ma¡ however, also be the primary effect, which
is not necessarily induced by a mutation and which may, as a secondary
effect, lead to the mutations in the genes involved in the regulation of
division and differentiation (Boesen, 1992). According to yet another
hypothesis cancer can be induced by a stimulation of cell division which
in its turn is induced by toxic damage (Ames and swirsþ Gold, 1990A
and 19908; weinstein, 1992; Tiavis and Belefant,lgg2). Dividing cells
are more sensitive to mutagenic agents than non-dividing ones, while
potential carcinogenic lesions and mutations may come to a full
expression as a result of cell division. Mutagens can also be toxic by their
mutagenicity and thus (according to this theory) induce cancer without
affecting the genes directly involved in this process.

The assessment of mutagenic factors in environmental samples is not only
determined by their link with carcinogenicity. of equal importance is, what may
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be called, the experimental convenience of the methods for the determination
of these factors. In contrast with carcinogenicity, the detection of mutagenicity
is in general characterized by a short-term nature, easy performance and high
sensitivity, due to the fact that the induction and identifTcation of a mutation
or related genotoxic effects does not require chronic (lifetime) exposure of
mammals and the outgrowth of affected cells to a tumour. Instead, rapidly
dividing micro-organisms or cultured mammalian cells may be used as model
organisms, in which effects can be scored within a few days after exposure has

started.
The Salmonella/microsome test developedbyAmes and coworkers (Ames,

l97l and 7972; Ames et al-,19734 and 19738; Ames et a1.,1975; Maron and

Ames, 1983) may serve as an example here. In this test bacteria, i.e. specially
constructed strains of Salmonella typhimurium, are used for rapid, easy and

sensitive detection, while mammalian tissue homogenates are used to simulate
the mammalian biotransformation of the test compound, thereby allowing the
detection of compounds that are converted into mutagenic metabolites in the
mammal. The widespread use of this test in applied toxicology is to a great extent
the result of its experimental convenience. Moreover, it has proven to be highly
sentitive to many different classes of mutagens (McCann et al.,l975A; Ashby
and Tennant,7991).

Short-term nature, easy performance and sensitivity are crucial properties

of the mutagenicity tests when they are used in studies on the presence of
mutagens in the environment, in particular when the aims of these studies go

further than simply demonstrating that mutagens are present. A reliable
impression of the sources and emission of the mutagens, their distribution, spatial

aswell as temporal, and their fate, requires that large numbers of environmental
samples can be compared quantitatively for their mutagenic properties, with
a high discriminating power and within a limited time span. Some mutagenicity
tests, in particular the Salmonella/microsome test, do fulfil these requirements
to a sufficient extent for a meaningful application in environmental studies.

Before the Salmonella/microsome test and other short-term mutagenicity

tests became available in the fîrst half of the nineteen seventies, studies on the
presence of potential carcinogenic compounds in the environment were largely
based on the determination of the concentrations of a very limited number of
specific compounds with anaþical-chemical techniques (Sawicki, 1f)67). Emission,

distribution and fate of the carcinogens could not be studied directly by testing
environmental samples. The long-term nature and high costs of the available
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methods for the detection of carcinogenicity prevented this effect being used
as a flexible indicator in environmental studies.

Analytical-chemical studies can now be supplemented with mutagenicity
tests. The concentrations of a limited number of known active compounds can
be supplemented with the integrated effect of many relevant compounds, whether
they are known or not, whether they are themselves rutug"oi" or affect the
mutagenicity via interactions. Thereb¡ a more complete picture of the nature
and intensity of actual human exposure can be obtained than would be possible
on the basis of anal¡ical-chemical studies alone.

Poþcyclic aromatic hydrocørbons (pAH)
The first compounds to be identified as chemical carcinogens were pAH. Their
discovery as carcinogens followed from the quest for the so-called coal-tar
carcinogen, which ended in 1933 with the identification of the new pA,H
benzo(a)pyrene as a major, if not predominant carcinogenic component of the
tar (Yamagiwa and Ichikawa, 1918, cook et ar., 1933; Kennaway and Hieger,
1930; Kennaway, 1955; Phillips, 19g3). Tvo methylbenz(a)anthracenes were
synthesized as model compounds during this research, and, although theywere
not components of the tar, they were found to be strong carcinogens. In addition,
the results indicated that the remainder of the carcinogenicity of the tar was
caused by comparable aromatic compounds.

Since the coal-tar work, pAH have featured conspicuously in both
toxicological and environmental research. The toxicologist muld dispose of model
compounds in investigations aimed at the elucidation of the carcinogenesis
process. consequently, many aspects of the carcinogenic properties of pAH have
been thoroughly investigated (santodonato et ar., 1981; IARC, 19g3; NRC, 1972
and 1983; Dipple, 1976; Gelboin and rs'o, l97g;Montizaan et al., 19g9). Besides
the three identified in the coal-tar work, several others have been found to be
carcinogenic, via various exposure routes (including inhalation) and in various
experimental animals and organs.

Epidemiological evidence strongly suggests that pAH can cause cancer
in humans. Enhanced cancer incidences were observed upon occupational
exposure to pyroþis products of coal with extremely high pArr concentrations
such as coal tar, coal-tar products and the vapours emitted during coke
production and coal gasifîcation (rARc, 1984A; IARC, 1995). Although the
possibility can not be excluded that these products contain other compounds
with carcinogenic properties besides pAH, the dominant contribution of the
latter to the carcinogenicity of comparable products for experimental animals
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(Cook et al., 1933; Kotin et al., 1954b and 1955; Gurinov et a1.,1962;Hoffmann
et al., 1965; Grimmer et al., 1983, 1984 and 1985; Holland et al., 1984; Mahlum
et al., 1984) suggests that they do contribute to the carcinogenic effects
demonstrated in humans.

P¡\H are so+alled indirect carcinogens, i.e. they themselves do not induce
cancer directly but they have to be transformed by the metabolism of the exposed

organism to the ultimate carcinogenic compounds (Yang et al.,1978; Bartsch,
1982; IARC, 1983; Glatt and Oesch, 1986; Cavalieri and Rogan, 1992). This
metabolic activation depends on their basic molecular skeleton, which consists
of a number of conjugated benzene rings, sometimes supplemented with five-
membered rings. The rings are oxidized to phenols via epoxides by two groups
of enzymes: QÉochrome-P450dependent mixed-function oxidases and hydratases.

The epoxides can bestrong mutagens and may, therefore, induce the mutations
neoessary for the onset of cancer. Furthermore, mutagenic radical cations may
be formed by the action of the group of P450 cytochromes. PAH are thus
genotoxic carcinogens, i.e. compounds initiating cancer by mutations, a genotoxic
event.

Basically the PAH in the environment stem from two sources. They are
formed during the incomplete combustion or pyrolysis of fossil fuels and other
materials with an organic origin (Hangebrauck et a1.,1967; Bjøneth and Ramdahl,
1985). Furthermore, they are already present in some fossil fuels before
combustion as a result of the fossilization process (Blumer, 1976; Guerin,lgTg
and Bjørseth and Ramdahl, 1985). As combustion is by far the most predominant
and mostwidespread source of anthropogenetic air pollution, PAH are ubiquitous
in the air, and after deposition, in surface waters and soil (Slooff et al, 1989;
NRC, 1972; Baum, 1978; Borneff and Kunte, 1983; Neff, 1979;Bjørseth and
Sortland Olußen, 1983; CCRX, 1987; Grimmer, 19838; Verhoeve and Compaan,
1980; Van Aalst et al., 7982; Thijsse and Huygen, 1985). The use or spillage
of PAII-rich products, such as coal tar or creosote, a distillate of coal tar, may
significantly add to the pollution of the environment \¡/ith PAH (slooff et al.,
1989). The use of creosote-treated wood in the Netherlands may serve as an
example here. It has been recognized as an important source of the morevolatile
PAH in surface waters and air. Other sources which can be mentioned besides
c¡mbustion are coke production (emission of PAH-rich coal-tar vapours),
aluminium production (the production and use of electrodes made from pitch)
and oil spills on sea (Slooff et al., 1989; Neff, 1979; Bjørseth and Ramdahl, 1985).

Since the beginning of the 1950's the presence of PAH in the air and
combustion emissions has been subject of numerous environmental studies. The
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concentrations of carcinogenic pAH were the sole indicators available for
investigations of the emission, distribution and fate in the air of combustion_
related carcinogens. As has been explained above, carcinogenicity itself is too
inflexible for this purpose. The use of pAH concentrations was in particular
stimulated by the important contribution of pAH to the carcinoggnic effects
of many pyrol)6is- and combustion-related complex mixtures of compounds (Kotin
et al., 19548 and 1955; Gurinov et al-,1962; Hoffmann et al., 1965; Grimmer
et al., 1983, 1984 and 1985). Also the carcinogenicity of ambient airborne particles
appeared to be largely the result of the presence of pAH (Kotin et al., 1954A;
Hoffmann and Wynder, 1977).

For a long time attention was completely concentrated on pz{H as
carcinogenic constituents of ambient air in air-pollution research. Hardly any
attention was paid to other possible carcinogens, this notwithstanding the cleai
indications obtained during the 1950's and 1960's that these are present and
contribute significantly (Kotin and Falk, 1956; Kotin et al., 1956; Hueper et al.,
1962 and Asahina et al., 1972). Most air-polrution studies focused on benzo(a)py-
rene, which was demonstrated for the first time in ambient airborne particles
by waller (1952). For a long time this compound was regarded as the carcinoge-
nic representative of the PAH and its concentrations were assumed to be a
reliable indicator for air pollution with the complete set of pAH and thus for
the carcinogenic risk associated with the presence of pAH.

Later the role of PAH in air-pollution research became less prominent.
In the long run, the idea that their concentrations are a (semi) quantitative
marker for cancer risk did not find any substantial experimental confirmation.
At the moment the concentrations are merely determined to keep an eye on
the pollution of the ambient air with combustion-related carcinogens. The
presence of these compounds alone is deemed a sufficient reason for their
determination, i.e. without the existence of real proof for a direct link with an
adverse health effect, because they represent complex mixtures the carcinogenicity
of which has been unambiguously proven in epidemiological studies (IARC,
19844 and 1985; Mumford et al.,l9B7; Xu et ar., 19g9) and in studies with
experimental animals (IARC, 79MA;1985; 1989; Kotin, 1956).In a way, ambient
air in most human environments can be regarded as a very strongly diluted form
of these complex mixtures.

Regulatory authorities in some countries have developed air-quality
standards for PAH. These are either based on actual concentrations in the
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average urban and industrial regionl (Germany, 10 ng.m-3 benzo(a)pyrene, TA-
Luft, 1986) or on very rough extrapolations from epidemiological data, in
particular data on lung-cancer incidence in coke-oven and gas-works personnel
(The Netherlands, 0.5 - 5 ng.m-3 benzo(a)pyrene; Slooff et al., 1989; MPVB8,
1987; Gezondheidsraad, 1984 and 1990). As the relationship of these standards
with real cancer risk can at best be very uncertain, it is diffîcult to weigh the
benefits of measures against their costs in case the standards are exceeded, a
situation which occurs often (e.g. De Raat, 1988).

This demonstrates the need for research aimed at a better clarification
of the health significance of air pollution with PAH, at least if these standards
are taken seriously. An important topic then should be the presence of other
possible carcinogens, which was already indicated by earlier carcinogenicity studies
and which became particularly immanent by the application of short-term
mutagenicity tests.

Linl<s beWeen mutagenicity and PAH concentrations
PAH are mutagens themselves and will, therefore, directly contribute to the
mutagenicity of ambient airborne particles. The mutagenicity of the particles
cannot, however, be completely explained by the mutagenicity of the pAH
present in them. It has amply been shown that the particles contain so-called
direct mutagens, i.e. mutagens which do not depend on mammalian bioactivation
to exert their effect; in contrast, PAH have to be activated by Cfrtochrome-P45O-
dependent oxidation. Furthermore, most of the mutagenicity of the particles
can be isolated in chemical fractions which do not contain PAH (Teranishi et
a1.,1978; Pellizari et a1.,1979; De Raat 1983; Pyysalo et al., 1987).

Nevertheless, the mutagenicity not directly caused by the PAH, does
seem largely to be associated with the presence of PAH, albeit in a more indirect
manner. Several lines of evidence made clear that a substantial part of the non-
PAH mutagenicity, including that independent of mammalian bioactivation for
its effect, can be explained by the presence ofnitrated and, to a less great extent,
orygenated PAH, which are formed from PAH during combustion, emission
or residence in the air (Ramdahl, et a1.,1982; König et al,. 1983; Nishioka et
al., 1986; Tänner and Fajer, 1983; Gibson,1982; Nielsen et al.,I9B4; pitts, 1983
and 1987; Nielsen et al., 1983; Alfheim et al., 1985).

1 The philosophy being that concentrations should in any case not increase in the future, this
notwithstanding the ignorance about their significance in terms of adverse health effects.
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Two types of investigations
The presence of mutagens and pAH in the atmospheric environment has
prompted two types of studies: those concentrating on the presence of the
compounds itself and those concerned with the possible adverse health effects
of their presence. The first type can be characterized as air-pollution studies.
Theroleof toxicolog¡ris restricted to the application of anumbårofstandardized
tests, which are used together with anaþical-chemical methods and methods
for mllecting and processing samples to investigate the sources of the compounds,
their fate after emission, the identity of the compounds determining the
mutagenicity and the links between mutagens and pAH. ultimately these studies
try to gain insight into nature and intensity of exposure.

The studies of the second type only start at exposure and try to gain
insight into the adverse health effects this exposure may actually cause under
real-life conditions. They deal with the so-called extrapoiation gap betrveen on
one hand mutagenicity of an air sample or its PAH concentrations ùter intensive
processing and on the other the effects of, for instance, ambient airborne particles
with mutagens or PAH after inhalation and deposition in the respiratory tract.
To what extent is extrapolation possible from what we are measuring to what
we are worried about? To bridge this gap toxicokinetics, metabolism and effects
of the compounds are investigated in advanced biological experimental systems
which are designed to approach the real-life conditions as close as possible. The
origins of the mutagens and pAH are taken for granted in these studies which
concentrate completely on the toxicological consequences.

obviously both types of studies strongly depend on each other. The air-
pollution studies are ultimately motivated by the results of the toxicological
studies. Furthermore, the outcome of the latter determines the toxicological
tools to be used as well as well as the compounds to be investigated in the
former. on the other hand meaningful toxicoiogical studies 

""n 
ojy be carried

out if the intensity, variation and nature of exposure has been revealed by air_
pollution studies.
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CHAPTER 2

OBJECTIVES AND OUTLINE

The core of this thesis consists of a series of experimental studies concerned
with the presence of mutagens and PAH in ambient air which belong to the
air-pollution type discerned in the foregoing chapter. Their general objective
was, therefore, to improve our insight in the nature and intensity of the pollution
of ambient airwith mutagens and PAH and, thereby, the actual human exposure
to these compounds. More specifically they were focussed at the following topics:

- the spatial and temporal distribution of mutagenicity and PAH,
- the chemical diversity and chemical nature of the mutagens,

- the reliabilityof the methods used for the determination of mutagenicity
and PAH concentrations,

- the link between mutagenicity and PAII concentrations.

The studies were mainly restricted to the particulate phase of the air. Attention
was only paid to the gaseous,mutagens and PAH in sofar this allowed for a more
complete picture of the pollution of the air with the particulate mutagens and

PAH.
The experimental part is preceded by three chapters of an introductory

and theoretical character. The first (chapter 3) is concerned with the limitations
and possibilities of mutagenicity tests as analytical tools in environmental studies,

with emphasis on the Salmonella/microsome test. The extrapolation problem,
i.e. the indicative value of mutagenicity and PAH concentrations with respect

to the possible carcinogenic effects of ambient airborne particles in humans,

receives attention in chapter 4. Ambient airborne particles, together with their
sampling and extraction, form the subject of chapter 5.

The spatial and temporal distribution was covered by three experimental
studies. fn one of their (chapters 6 and 7) the contribution of the sources in
the densely populated and heavily industrialized Rijnmond area of the
Netherlands was investigated by comparison of samples taken simultaneously
at four sites in the area and at one coastal site upwind, which was assumed to
represent the background pollution level of the area. For mutagenicity this
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comparison was formalized with a series of mathematical models, which allowed
the influence of interactions between sitedependent facton and timedependent
factors on mutagenicity to be singled out. Furthermore qualitative changes were
investigated as they are expressed in the proportion of the effects obtained with
different types of tester strains with or without tissue homogenate for metabolic
activation (the mutagenicity profile) or, in case of the pAH, in the proportion
of the concentrations of these compounds (the pAH profile). The nature of
the changes of the PAH profile pointed to processes causing them. chemical
conversion was for instance revealed by the specific decrease of more reactive
PAH, while changes of the concentrations of more volatile pAH pointed to
evaporation or condensation.

The second study (chapters I and 9) was concerned with the influence
of photochemical air pollution on mutagenicity and pAH concentrations and
with the comparison of particles from distant sources and those emitted by traffic
in and near the town of Delft. samples collected simultaneously at sites
differently affected by pollution from local traffic were compared for mutagenicity
and PAH concentrations. In addition mutagenicity and pAH concentrationswere
monitored during the daily development of photochemical air pollution, together
with concentrations of some gaseous pollutants. As in the previous ,tudy,
qualitative changes were investigated by analysis of the proportion of the
mutagenic effects and the PAH profile.

The central theme of the third study2 was the development of
mutagenicity and PAH concentrations over a year. samples were simultaneously
collected every week at four sites, one in a rural area near the coast, one in
Delft and two in the Rijnmond area. As in the previous studies, quantitative
as well as qualitative changes were investigated.

The investigations into the chemical diversity and chemical nature of
the mutagens are described in chapter 10. So-called bioassay-directed fractionati-
on was applied, which means that the mutagens were concentrated in well defined
chemical fractions by repeated chromatographic fractionation combined with
biological testing. rf the fractions arechemicallyhomogeneous enough, chemical
analysis may provide information on the identity of the mutagens. The
combination of various chromatographic techniques gave an impression of the
number of different groups of compounds which contribute to the mutagenicity.

,- 
2Thisstudyisnotdescribedindetailinthisthesis;itispresentedinsummarizedforminchapters

13 and 14; for a more detailed presentation the reader is referred to De Raat et al., l9gg.
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Furthermore, it was attempted to achieve a reliable quantitative estimate of the
contribution by PAH and some of their nitrated derivatives.

The reliability of the technique used for sampling of the particles was

the subject of the study presented in chapter 11. Starting point formed the clear
indications in the literature that chemical conversion of PAH may occur after
the particles have been fixed on the filter and that this artifact strongly depends

on the filter material applied (Lee et al., 1980; Grosjean et al., 1983; Van

Cauwenberghe et al., 1980; Brorstrømet al., 1983). In the study the role of the
filter material was further elaborated upon. In particular it was investigated
whether the artifacts induced by the filter material also affect mutagenicity.

The high concentrations of gaseous PAH in the air reported in the
literature (Thrane and Mikalsen, 1981; Yamasaki et al., 1983; Keller and
Biddleman, 1984) prompt the question whether the presence of these compounds
is accompanied by mutagenicity as it is in the particles. Is the clear link between
air pollution with mutagens and PAH restricted to the particles or does it also
manifest itself in the gaseous domain? Thestudy thatwillbe described in chapter
12 was aimed at answering this question. To this end sampling has been carried
out by filtration for the particles and by adsorption for the gaseous pollutants
after the airhad passed thefilters and both types of samples havebeen compared
for the presence of mutagens and PAH.

Mutagenicity and the presenoe of PAH were not treated fully indepen-
dently in the aforementioned experimental studies, but the possible relation
between them also received attention. This relation was investigated in two
different ways. A large number of samples was investigated for the presence

of both groups which allowed for a correlation analysis. Furthermore, the
contribution of PAH and their derivatives to the mutagenicity was directly
investigated with bioassay directed fractionation. The primary objective was the
elucidation of the causal aspects of the relation. However, the overlap of
mutagenicity and PAH concentrations as indicators for air pollution with potential
carcinogenic compounds was also deemed important. This overlap determines
whether the concentrations of one, or a limited number of compounds or effects
may give a sufficiently accurate impression of the variation of the pollution with
the whole mutagenicity-PAH complex to allow their use as markers for this type
of pollution in monitoring programmes. Although detailed investigations of both
mutagens and PAH are necessary to arrive at a more complete picture of the
nature of the actual human exposure to potential carcinogens (which was the
primary objective of this thesis), a more limited approach may suffÏce to get a
quantitative impression of this exposure. In chapters 13 and 14 the relation
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between mutagenicity and PAH concentrations is further elaborated uporr aiming
at answering the questions as to both causal aspect$ and overlap.
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CFIAPTER 3

MUTAGENICITY TESTS AS ANALYTICAL TOOI-S IN
ENVIRONMENTAL STUDIES

When mutagenicitytests are appliedin environmental studies, thesamples tested
as well as the objectives of testing differ fundamentally from those in most other
studies. This can have far-reaching consequences as regards the requirements
the tests have to meet, the execution of the tests and the interpretation of their
responses. These differences and their consequences are treated in this chapter.

Difþrent samples

In environmental studies the samples tested are taken from the environment
or from emissions into the environment. Essentially they are complex mixtures
of compounds, which may contain more than one mutagen and numerous other
non-mutagenic components. In most cases, hardly any information is available
about the chemical nature of the mutagens and other components. In contrast,
most other studies are concerned with testing samples which have a much simpler
composition and which are much better defined. Often they have the simplest
composition possible, when they consist of a pure compound. In that case this
one compound fully determines the response of the test, which contrasts sharply
with environmental studies, where the response can be the result of the different
effects, independent or interactive, of many unknown compounds.

The effects of environmental complex mixtures are not necessarilyequal
to the sum of the effects of the individual mutagens. Actually, there are many
reasons to expect them not to be. Mutagens may affect each others effects or
the expression thereof in the response of the test; similar interactions may be
the result of the presence of the non-mutagenic components of the mixture,
despite the fact that they do not directly contribute to the mutagenicity. Non-
mutagens may still be toxic by other mechanisms than mutagenesis and thus affect
survival and growth rate of the test organism or interfere with the complex
biochemical processes involved in mutagenesis, such as DNA replication and
DNA repair. In the same way a mutagen may affect the effect of another by
its toxicity, whether or not the origin of this toxicity lies in its mutagenicity.
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The presence of other components may alter the solubility of a mutagen and,
thereby, its bioavailability. This is in particular important for the in vitro tests
used in environmental studies, where the indicator organisms, being micro-
organisms or tissue-culture cells, are exposed to the test compounds dissolved
in a liquid medium. Bioavailability may also be altered if complexation of the
mutagens occurs. This may lead to a decreased solubility or make the resulting
complex so bulþ as to prevent the mutagen which is part of it to reach its target.
Furthermore, the mutagen may loose its mutagenic properties while being part
of a complex.

Tvo types of mutagens can be discerned: direct ones and indirect ones.
The former are mutagenic themselves. The latter have to be transformed by
the metabolism of the exposed organism into mutagenic metabolites. This so-
called metabolic activation may be influenced by the test sample, because the
mutagen itself, other mutagens or non-mutagenic compounds may interfere with
the enzymatic reactions involved. They may alter the activity of the enzymes
or they may compete with the indirect mutagen for its metabolic conversion.
Also the direct mutagen may be metabolically transformed, which can lead to
a decrease or an increase of its activity; as with indirect mutagens this
transformation may be influenced by the sample.

These mnsiderations make clear that the effect of a complex environmen-
tal sample comes into being at three levels:

- The first level represents the effects of the direct and indirect mutagens
as if they were tested as pure compounds. without further interactions
among the mmponents of the mmplex mixture, the enrect would be equal
to the sum of these "individual" effects.

- At the second level the interactions among the mutagens become
important. The compounds affect each others effects by interference
with each others mutagenesis, bioavailability and metabolic conversion
and by "non-mutagenic" toxicity.

- The non-mutagenic components add to the interactions at the third level,
because they interfere with mutagenesis, bioavailability and metabolic
conversion of the mutagens and because of their "non-mutagenic" toxicity.

rn contrast to most other studies, where only the first level is important, all three
levels play a role in environmental studies.
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Cons equences for practical applicability
What are the consequences of these extra two levels for the practical applicability
of the tests and the interpretation of their responses? Practical applicability
will in particular be influenced by "non-mutagenic" toxicity and changes of
bioavailability. Mutagenicity is very rarely the only toxic property of mutagens.
In general, it is the result of a broad affinity of the mutagen for nucleophilic
macromolecules, which may lead not only to mutations, but also to various other
types of toxicological effects. DNA lesions may hamper or even block DNA
replication and, thereby, cell division. Moreover, they may affect the functioning
of a cell by destroying essential information or impairing the proper expression
of this information. Depending on the type and intensity of the DNA damage,
cell death may occur. Besides DNd other macromolecules may be damaged
leading to the disturbance of other processes and, thereby, toxicity. Electrophili-
city is not necessarily the only property which determines the toxicity of a

mutagen; the same compound may also cause toxic effects via completeþ different
mechanisrns.

In the tests mutagenicity has to be singled out from the various possible
toxic effects the test compound may have. If the functioning of the test organism
is too severely hampered by "non-mutagenic" toxicity, possible mutagenic effects
can no longer be observed with sufficient reliability. In other words: proper
testing requires a minimum fitness of the test organism. Whether or not the
mutagenicity of a mutagen can be observed with a test, actually depends on the
balance between this effect and other toxic effects; if the former outweighs the
latter, the test can be performed with success, while no mutagenic response can
be obsen¡ed if the reverse is true. This balance depends on compound, test
organism and test conditions.

"Non-mutagenic" toxicity bears hardly any practical relevance for in-vivo
tests, i.e. in tests with complete mammals. These tests are carried out to
investigate whether the "intrinsic" mutagenicity demonstrated in in-vitro tests
with micro-organisms or mammalian tissue-culture cells, expresses itself in the
complete animal, i.e. the toxicological significance of the mutagenicity for the
exposed human prevails; they are rarely used as screening tests for the "intrinsic"
mutagenic properties of compounds, let alone complex mixtures, because of
their less short-term character and less easy execution. ff "non-mutagenic" toxicity
outweighs mutagenicity in the complete animal, it also outweighs mutagenicity
in the toxicological evaluation of the compound with respect to the hazard of
the compound to humans.
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rn contrast, the use ofin-vitro tests isjustified by the fact that they allow a rapid,
easy and unambiguous screening for mutagenicity, irrespective of other toxic
properties. The other toxic effects are much less clearþ defined than the observed
mutagenicity; they may have various backgrounds and they may be very test-
organism specific. The tests do not allow direct conclusions about ihe *igoifi.un..
of these effects for the complete animal. The other toxic effects only affect the
applicability of the test and are not used in the toxicological evaluation of the
compounds. If a compound cannot be tested for mutagenicity in an in-vitro test
because of other toxic effects, this certainly does not mean that its mutagenicity
is not toxicologically relevant, although this is the case with in vivo tests.

complex mixtures may contain compounds which show',non-mutagenic"
toxicity, but do not counterbalance it with mutagenicity. such a strong reduction
of the fitness of the test organism may be the result, that the doses of the mixture
that can be tested become too low for a clear expression of the mutagenicity,
notwithstanding the fact that the mutagenicity of the mutagens themselves is
strong enough to counterbalance their own "non-mutagenic" toxicity. Mutagenicity
tests have to be robust against "non-mutagenic', toxicity or/and highly sensitive
to mutagenicity. If they are robust, high doses can be tested to demonstrate the
mutagenicity; if their sensitivity is high, doses can be tested which are sufficiently
low to prevent serious disturbance by other toxic effects. The presence oftoxic
non-mutagens in complex mixtures requires that either the robustness or the
sensitivity is higher than necessary for testing pure mutagens.

As argued above, the complex character of environmental samples may
also affect the bioavailability of the mutagens. For practical applicabilþ of thå
test, only changes of the solubility of the mutagens in the test medium are
relevant. complexation, the other phenomenon which may affect bioavailability,
can be regarded as an inherent property of the mixture which is in principie
independent of test conditions. It should only be taken into account when the
test results are interpretated, but it does not prevent meaningful testing. A
reduced solubility does, however, prevent meaningful testing. eÍ tne mutagens
present in the mixture should be tested completely; the same requirement holds
for all the compounds which are not mutagenic themselves, but interact with
the mutagens. If these requirements cannot be met, meaningful comparison of
effects becomes impossible, because mixtures with high concentrations of
mutagens may be less mutagenic than mixtures with lower concentrations, just
because a less complete solution is achieved in the specific test medium.
Differences might then be introduced which are not necessarily related to the
mutagenic potency of the mixture or the sensitivity of the test organism.
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Consequences for interpretation
Obviously, the complex character of environmental samples not only influences
the practical applicability of the test, but also the interpretability of the response.
When the test can be performed, i.e. when all the mutagens in the sample can

reach their biological target and when toxicity does not prevent the observation
of mutagenicity, the resulting response does not represent a simple addition
of the mutagenic effects of the individual mutagens. Although a significant
increase of the number of mutations induced unambiguously indicates
mutagenicity, interactions may modi$ the response to a great extent. This does
not affect its interpretability if we only want to know whether or not the mixture
in question has mutagenic properties, i.e. if we are only interested in a qualitative
indication. However, in environmental studies the objective of mutagenicity
testing goes beyond that. Samples have to be compared quantitatively, to allow
a meaningful description of environmental pollution with the mutagens. If
interactions play a role, the samples are not compared for the primary
mutagenicity caused by their diverse mutagenic constituents, but for the
integrated effect of the whole matrix, which is, as we have seen, not only
determined by primary mutagenicity. For instance, two samples with the same

mmposition as regards the mutagens, could give rise to clearly different responses

due to the presence of toxic non mutagenic components.
This is only acceptable when it is indeed the effect of the complete

mixture in the specific test that counts, and not the primary mutagenic effects
of its mutagenic components, i.e. if the interactions add to the toxicological
significance of the response. Mutagenicity tests are carried out because they
inform us about one specific and well defined toxicological effect in a way that
bears relevance in a more general toxicological context. In otherwords: because
the mutagenicity detected is sufficiently test unspecific to bear relevance for
other experimental situations and human exposure. However, the interactions
are in general ill defined and their broader toxicological relevance is often quite
unclear. Consequently, the broader relevance of the changes of the primary
mutagenicity which are caused by the interactions remains unclear as well. This
leads to the conclusion that in most environmental studies it will be the primary
mutagenicity that prevails in stead of the integrated response of the complete
mixture. So, either the tests applied to complex mixtures have to be as insensitive
as possible to the effects of interactions or it has to be possible to tell the primary
mutagenicity apart from the mutagenicity influenced by interactions.

Are all interactions unwanted? In general, it can be stated that the
undesirability of the interactions increases with their test specificity. The
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interpretability of the response will not be reduced if the primary mutagenicity
is influenced in a same manner and to the same extent in various experimental
systems. Then the broader toxicological relevance of the interactions is clear
because they form an integrated part of the mutagenicity of the mixture, whether
are not they are determined by non-mutagenic compounds or',non-mutagenic,,
effects. It can be speculated that direct interactions with key processes such as
DNA replication and DNA repair may belong to this category. Furthermore,
chemical interactions in the complex mixture, such as complexation, may not
depend on the conditions prevailing in the test and, thereby, leave the
interpretability of the test response unharmed. unwanted are of course all
interactions which are clearly test specific. Because they behave independently
of the primary mutagenicity, they can in no way be regarded as an integrated
part of the mutagenicity. In fact they obscure the mutagenicity and, thereby,
the interpretability of the test response.

Returning to the comparison of environmental samples, it can be
concluded that interactions will not be problematic as long as they form an
integrated part of the mutagenicity. when they behave independently, however,
they undermine the interpretability of the differences found. This can be
illustrated with our example of two samples which have an equal primary
mutagenicity, but different effects due to "non-mutagenic" toxicity. Obviously,
the difference looses much of its relevance if the influence of toxicity would
be the opposite in another test. If, however, toxicity modifïes the difference in
the same direction in other tests, it is apparently so tightly linked with
mutagenicity that the differences caused by it are relevant in the context of the
study, i.e. have to be taken into account when the objective is to describe the
presence of mutagenicity in the environment.

Reducrton of the influence of interacrtons
what can be done to reduce the influence of the unwanted interactions?
obviously, tests should be selected with a high specific sensitivity to the primary
mutagenicity of the mutagenic components of the mixture and a general low
sensitivity to the "non-mutagenic" effects on that mutagenicity by the mutagens
and the other components. This is a difficult task, because, although it is easy
to select a test with a high sensitivity for certain types of complex mixtures, it
is still hard to tell to what extent the response is influenced by interactions.
Nevertheless, something can be achieved, because effects on survival and growth
rate are easily observed in most tests, which allows the selection of the tests
with a lowsensitivity to these effects. Reduced survival, can also be determined
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concurrentlywith mutagenicity in some tests, which makes it possible to express
the effect in terms of mutations per number of surviving cells, excluding in this
way part of the "non-mutagenic" toxicity. Furthermore, dose-response relation-
ships can be analyzed with mathematical models based on mechanistic
assumptions and predicting the relationships for the isolated effects (De Raat
et al, 1987; Van der Hoeven et al., 1990). However, at the moment the
possibilities of this approach are still limited.

The problem of unwanted interactions can be circumvented to some
extent by restricting studies to a set of related samples, which means that the
samples stem from the same type of sources and processes, implicating a chemical
similarity, and, thereby, similarity of interactions. Ambient airborne particles
may serve as an example here. Their mutagens most probably originate exclusively
from incomplete combustion; the mutagens sofar identified are all PAH and
PAH derivatives.

The influence of interactions can be investigated directly by separating
the complex mixture into chemically well defined fractions, for instance with
chromatographical techniques, and comparing the sum of the effects of the
fractions with the original sample. If no artifacts are introduced by the
fractionation procedure, interactions are unambiguously indicated by differences
between the added effects of the fractions and the effect of the original sample.
When no differences are found aftervarious fractionation procedures havebeen
applied, the conclusion is justified, that interactions play no significant role. The
absence of interactions in a number of representative samples of the set that
has to be investigated, is a clear sign that comparison of the samples of this set
for mutagenicity will not be hampered too much by interactions. If interactions
do occur, a test may be selected with a reduced sensitivity to their effects.

So the following precautions can be taken against the interactions
undermining the application of mutagenicity tests in environmental studies:

selection of a test method with a specific high sensitivity to the primary
mutagenicity of the mutagens in the sample or a specific low sensitivity
to unwanted interactions,
restriction of the study to samples which stem from related sources and
processes,

investigation of the actual occurrence of interactions by preparing
fractions of the samples and comparing the added effects of these
fractions with the effect of the original sample,
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- application of tests which enable the concurrent observation of ,,non

mutagenic" toxicity and mutagenicity and
- isolation of the mutagenicity from other effects from dose-response

relationships with the aid of models based on assumptions about the
mechanisms behind the response of the test.

The first three possibilities can in fact be regarded as requirements for a
meaningful application in environmental studies. The fourth may further add
to the applicability, although it makes the performance of the tests less easy
and thus hampers applicability for another reason than the occurrence of
interactions. The last possibility has not received much attention to date.

Test dependence and qualitative variqtion
It should be emphasized that even in the absence of interactions, differences
in mutagenicity between environmental samples, and thus the outcome of studies
into the pollution of the environment with mutagens, can still be test dependent.
This, because tests may differ in their sensitivity to the various mutagens present
in the samples. The samples should then differ with respect to ihe types of
mutagens present or/and the proportion of their concentrations. If the samples
only differ as regards the concentration of an equal set of mutagens with an
equal proportion, no clear test dependence of the comparison is to-be expected,
provided again that interactions play no role.

we are dealing here with a generar and fundamental rimitation of
mutagenicity tests in environmental studies, which is completely detached from
the limitation caused by the interactions. If one test is used, we cannot really
compensate for this limitation, because every test, at least if we defìne a test
as a combination of one type of test organism and onebiological endpoint, knows
its specific sensitivity for certain groups of compounds. In any case, tests with
a broad sensitivity should be used in environmental studies. if possible, more
than one test organism and more than one endpoint should beìpplied, while
the choice of these organisms and endpoints should be based on complementary
sensitivities in stead of overlap. Micro-organisms seem to be very suitable test
organisms for this purpose, as is demonstrated by the Salmoneila/microsome
test. Theyallowthe combinationofvarious test organisms and endpointswithout
affecting too much the mandatory short-term nature of the test.

The test dependence is not only a trivial property of the test. It often
reflects a fundamental aspect of mutagenicity. Mutagenicity results from the
specific affinity of chemical compounds for certain macromolecules or/and
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processes in certain cells, tissues, organs and organisms. This is "translated" in
specific mutations, each of them having their own consequences on the
organismal level. The specifìc character of the mutations induced by a compound

can be looked upon as a the quality of its mutagenicity. Due to the complex

nature of environmental samples the quality of the mutagenicity will often vary,

together with the intensity. Qualitative changes are, therefore, an inevitable

aspect of studies on the distribution of mutagenicity in the environment. Studies

should be designed in such a way, that both changes can be observed. To this

end different biological endpoints and test organisms have to be incorporated
in testing.

Qualitative variation is not to be regarded a limitation or nuisance that
has to be compensated for; instead, it is a relevant aspect of environmental
pollution with mutagens, that needs to be elucidated next to quantitative
variation. As it is related with the chemical composition of the particles, it may

provide valuable clues for the identity of the relevant compounds. It may also

tell something about the carcinogenic effects of the particles, as the specific

mutagenic quality of a compound may correspond with a high or low carcinogeni-
city in experimental animals.

Dffirent objectives

If the objectives of mutagenicity testing in environmental studies are compared
with those in most other studies, "quantitative comparison" appears to be an

important aspect of the former, while it hardly matters in case of the latter.
Sufficient numben of samples have to be mmpared quantitatively in environmen-

tal studies to allow the origin, distribution and fate of the mutagenicity to be

investigated with the desired resolution. These samples have to be tested within
an acceptable time span and against an acceptable effort, which puts strict
demands on the experimental convenience of the test. Moreover, it is essential

that differences in mutagenicíty between samples from sources and the
environment can be observed with a sufficient discriminating power and reproduc-

ibility. Whether this is indeed possible, depends on the quality of the test applied,
in particular its sensitivity and the variation thereof, and on the differences
deemed relevant by the investigator in the light of the specific objectives of his

study. The smallest differences the test permits to obsewe must in any case not
be larger than the largest ones occurring in the environment and preferably much

smaller than that.
fn contrast, quantitative comparison is much less important in most other

studies. In general, the objective of testing does not go beyond investigating
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whether or not the test sample has mutagenic properties. sometimes the test
results are used in a semi quantitative way, i.e. qualifications as borderline, weak,
moderate or strong are used. rf the mutagenicity is expressed as a quantitative
value, this is not used to its full extent in the interpretation of the results.
Furthermore, in most studies comparison of samples is not an explicit objective,
which makes it much less important to express the effect ."or"ã in the test in
quantitative terms.

Test organism and test criterion
The experimental convenience of a test mainly depends on the type of organism
used for the detection of the mutagenic effect and the type of mutagenic effect
detected, i.e. the test criterion. In general, unicellulu. o.guni.rn* allow the highest
convenience for a number of obvious practical reasons which follow from the
fact that large numbers can be manipulated and exposed together, while each
organism can be the starting point for the event that has ultimately to be
detected' The sensitivity of tests with unicellular organisms is strongly determined
by the division rate because fixation of the initial damage (nNA lesion) in the
form of a mutation and expression of the mutation mainly occur during DNA
replication. The greater the number of divisions during exposure, the greater
the chance that a lesion will result in a mutation that can be obsen¡ed. obùously,
the division rate also determines the short-term nature of the test, as it takes
a minimum number of divisions before the mutation is expressed as an observable
event. These considerations make clear why tests with bacteria are almost
exclusively used in environmental studies. Because of their small dimensions
and high division rate they offer a much greater experimental convenience than
other rmicellular test organisms, such as yeasts and fungi, or mammalian tissue-
culture cells.

other advantages of bacteria as test organisms follow from the
organization of their genetic material. They possess only one set of genetic
material, i.e. they are haploid. A change in the base sequence of their DNA
cannot be compensated for by another intact DNA molecule. This makes them
in principle more sensitive than other organisms with more than one set of
genetic material. Furthermore, bacteria are relatively easy subjects for genetic
manipulation. specific properties making tliem more suitable for mutagenicity
testing can be introduced, for instance, by mutations or by the introduction of
plasmids. The bacterial strains used in the Salmonella/microsome test mayserve
as an example here (Ames et a1.,7g75; Maron and Ames, 1gg3; Mccann et al.,
19758).In most of them an important and reliable DNA-repair process has been



36

eliminated by a deletion; as a result lesions have to be repaired via a more error-
prone repair pathway, leading to a greater chance for mutations. Moreover, the
introduction of a resistance plasmid has resulted in affected DNA repair as well,
and, thereby, greater sensitivity. Multiplication of the target gene through the
incorporation of many copies of a resistance plasmid with that gene is another
way of increasing the sensitivity. Only one of those genes needs to be mutated
(which means, in the case of the Salmonella/microsome test, to be reverted to
wild type) to achieve an event that can be scored. Finally, the sensitivity of the
strains in the Salmonella/microsome test is enhanced by the introduction of a
mutation which leads to the absence of the lipopolysaccharide sheet around
the bacterium, thereby making the cells more permeable for test compounds.

Furthermore, bacteria may offer the advantage of well defined test
criteria. Again the Salmonella/microsome test may serve as an example. A short
description of the basic principle of this test is necessary to make this clear.

Histidine auxotrophic strains of Salmonella typhimurium are used as test
organisms; they are exposed in an agar medium lacking suffïcient histidine for
the outgrowth of the auxotrophic bacteria to scorable colonies; a trace amount
of histidine permits the cell divisions which are necessary for the fixation of DNA
lesions into mutations and the expression of these mutations. Some of the
bacteria will be reverted by a mutation to histidine prototrophy either
spontaneously or as a result of the exposure; the reverted bacteria do not stop
dividing after histidine depletion and after a while they will grow out to scorable
prototrophic colonies. The histidine auxotrophy of the strains is the result of
different types of well defìned mutations; well defined in the sense that the
changes in the base sequence of the DNA leading to auxotrophy are largely
known. C-onsequently, the backrvard mutations necessary for restoring prototrophy
are also known in terms of changes in the base sequence. So, the type of strain
reverted by the test compound tells something about the type of mutation that
compound is prone to induce. For instance, it may specifically induce frame-shift
mutations or base-pair substitution mutations. Furthermore the base sequence

of the auxotrophy mutation may indicate a specifTc chemical affinity of the test
compound for the genetic material.

Discriminating pow er and reproducibility
Experimental convenience is not the sole requirement following from the specific
objectives of mutagenicity testing in environmental studies. Of equal importance
are a high discriminating power and reproducibility, this to allow a reliable
observation of effects and differences between effects deemed relevant by the
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researcher. Here we arrive at a major and inherent limitation of mutagenicity
tests as analytical tools in environmental studies.

In general a test is composed of a number of treatments with different
or replicated doses each leading to a scorable effect. In the Salmonella/microsome
test each treatment is represented by a petri dish with an agar layer in which
about 108 bacteria are exposed to a certain concentration of the test sample
(amount per dish = dose). The basic sensitivity corresponds with the sensitivity
of the individual treatment (in case of the Salmonella/microsome test the average
sensitivity of the 108 bacteria in the agar layer for the mutagenic effects of the
test sample). Inevitably, this sensitivity will vary within the test, the so-called
intra-test variation. In general, the variation will be higher if treatments from
different tests are compared. It should be noted here, that the treatments forming
one test share experimental conditions which inevitably differ for treatments
from various tests (in case of the Salmonella/microsome test: culture of the test
bacteria used to inoculate the agar layer, batches of media components, batch
of tissue homogenate etc.).

If series of environmental samples have to be compared two strategies
can be followed. The samples can be tested within one test in which case
comparison is only affected by the intra-test variation of the sensitivity. This
variation can be compensated for by random distribution of the doses over the
treatments and by increasing the number of treatments. Even the most convenient
test permits only a small number of samples to be compared; not the least
because every sample has to be tested at several doses and every dose has to
be replicated once or twice, this, to allow a fairly accurate estimateof the effect.
If the samples are tested in different tests, the comparison is hampered by the
higher inter-test variation. This variation can only be compensated for by
repeating the complete test. obviously, in both cases the compensation of the
variation affects the convenience of the test, which was, after all, a predominant
reason for its application.

Positive controls
In stead of increasing the number of treatments per test or the number of tests,
the variation of the sensitivity muld be monitored with the aid of positive controls
and the effects of the samples corrected for this, as is done in analytical
chemistryf. An important question then is, whether the variation is only test
dependent or also compound dependent. In the first case the sensitivity can

3 with external standards, the equivalents of the positive conrols in mutagenicity testing.
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be monitored with a compound which needs not to be akin to the sample actually
tested and the test response could then easily be corrected for the variation
obse¡¿ed with the positive control. However, the effects obtained with the
positive control do not take the interactions among mutagens and between
mutagens and non mutagenic compounds into account (unless it has the same
composition as the sample). The variation of these interactions does not
necessarily correlate with the primary mutagenicity of the mutagens.

We may safeþ assume the variation not to be the same for every mutagen
in the mixture, the obvious reason being, that they differ as regards their fate
and behaviour in the test and the nature of their interaction with the genetic
material (or that of their metabolites). The extent to which thevariation differs
will obviously depend on the chemical similarity of the compounds. For instance,
we may expect the effects of two PAII to show a better covariation than the
effects of a PAH and a PAH with a significant functional group (e.g. a nitro
group). A compound dependence of the variation needs not to be a serious
problem if the composition of the samples is not (too) variable. Then one of
the samples could be used as positive control in the tests of the other samples.

However, in most cases the composition will be variable or it will not be justified
to assume them not to be beforehand.

So, we may conclude that the applicability of positive controls will be
limited for three reasons.

They do not take into account the interactions influencing the response
of the environmental sample, unless they have the same composition
as the sample.

Thevariation of the test sensitivitywill differ for the individual mutagens
in the sample, which only leaves the samples themselves as a reliable
positive control.
The composition of the samples will be variable, which affects the
suitability of samples as positive controls.

Consequences ønd remedies

These considerations make clear that, in a way, experimental convenience and
quantitative comparability are conflicting requirements, which can only partly
be reconciled by the use of positive controls. A sort of dilemma, that can be
solved in two ways. Either by reducing the number of samples to be compared,
so that the number of tests or the number of treatments per test (per sample)
can be increased, or by restricting the test to samples with a similar composition,
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so that the variation of the sensitivity can be monitored in a more reliable way
with positive controls. which of these ways is chosen depends on the specifit
objectives of the investigator. In most cases it will be something of both.

In any case the following general rules should be followãd to optimize
discriminating power and reproducibility.

- Obviousl¡ the intra-test and inter-test variation of the sensitivity should
be kept as low as possible by pursuing a maximum standardization of
the test procedures.

- The investigator should have a notion about the variation of the
sensitivity beforehand; it should not exceed the minimum differences
deemed relevant.

- Positive controls should always be used. They should represent clearly
different classes of compounds and compounds similar to the ones
expected to contribute signifìcantly to the effect of the samples. when
the composition of the samples is not too variable, a sample or mixture
of samples can be used. only the differences lying outsidå the variation
of the effects of the positive controls (after applying weighing factors
to compensate for differences between the mean effects of the controls
and the samples) should be taken into account.

- The difference between intra-test and inter-test variation should be taken
into account in the design of the study. For instance, if the objective
is to compare a restricted number of locations several times, the samples
from one time point should, if possible, be tested in one test. The same
holds if the comparison of a limited number of test conditions is the
objective (in the Salmonella/microsome test: testing with different
bacterial strains in the presence and absence of tissue homogenates for
metabolic activation).

These general rules are in first instance aimed at optimizing the discriminating
power and reproducibilitywithin one study. A quantitative comparison of results
from different studies requires a rigorous standardization to be strictly
implemented, in particular if the results from different laboratories are to be
compared. This standardization should imply test conditions, positive controls
and design. It is doubtful whether such a standardization can ever be achieved.
In the meantime, a quântitative interpretation of results should only be
undertaken within the context of one study or, at the most, studies of one
research group or laboratory. This inevitably means that statements about the



40

mutagenicityin absolutequantitative terms arecharacterizedby arelativelylarge
margin of uncertainty, in particular when compared with concentrations
determinedwith analytical-chemical techniques. However, this does not prevent
reliable information being gained about the sources, nature and processes

determining the presence of themutagens in the environment.Individual studies

will still reveal trends, proportions and qualitative changes and differences on
which this information can be based. Comparison of studies for these types of
results is not necessarily hampered by the large margin of uncertainty which
is referred to above.
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CHAPTER 4

THE EXTRAPOLATION PROBLEM

What does the mutagenicityof extracts of ambient airborne particles determined
with a short-term bacterial mutagenicity test, reveal about the ultimate effect
that warrants its investigation? Does it reveal anything about the potency of
the particles to induce cancer in exposed humans? The same question can be
asked for the PAH concentrations in these extracts determined with anal¡ical-
chemical techniques. wîth these questions we touch upon a predominant problem
in toxicology, the extrapolation from effects observed in an experimental context
to the effects that really count in the "real-life" situation. The investigator will
always try to make this extrapolation gap as narrow as possible. However, for
obvious ethical and practical reasons he will always have to extrapolate and,
therefore, have to accept that the predictive value of his results as regards the
"real-life" situation will be limited.

The objectives of the experimental studies presented in this thesis make
compromises with respect to the extrapolation from the results to human
exposure and effects inevitable. As has been set forth in the first chapter,
mutagenicity and PAH concentrations are not only determined to obtain an
as realistic as possible impression of the possible carcinogenic effects of the
particles for humans. If this was the only objective, it might be better to
concentrate on carcinogenicity tests and to choose for more realistic exposure
conditions than offered by high-volume filtration and extraction with organic
solvents. of equal importance is the objective to investigate the development
of air pollution with mutagenicity and pAH in time and space; this requires an
experimental convenience reflected in endpoints and exposure conditions, which
inevitably widens the extrapolation gap.

Yet, the extrapolation gap must not become too wide. There must always
remain a link between experimental results and relevant effects under "real-life"
conditions, which is strong enough to make the effort worthwhile. The link may
be direct, i.e. may lead to a quantitative correlation between endpoints and cancer
risk- It may also have a more indirect character. For instance, if the determination
of mutagenicity and PAH concentrations helps to unravel the processes which
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determine the pollution of the air with particulate carcinogens, without directly
indicating risk.

In this chapter, an analysis will be presented of the link between on the
one hand mutagenicity and PAH concentrations and on the other the possible

cancer risk for humans of exposure to the particles. It will be shown that the
link belongs largely to the second of the two categories mentioned above. This
does not make the effort less worthwhile, because more insight in the temporal
and spatial distribution and the processes determining the presence of the
possible carcinogens leads to a better understanding of the actual human
exposure, and is, thereby, an indi.spensable complement of the ultimate evaluation

of the actual risls.

Mutagenicity
In the case of mutagenicity we have to extrapolate from an effect of extracts
of the particles in a bacterial mutagenicity test to effects in humans exposed
to the particles via inhalation. Differences in exposure conditions, biological
targets and effects will be important here. The mutagenicity is determined in
the followingway: The particles are isolated from their natural matrix - the air -
by filtration, the filters laden with particles are extracted with organic solvents
and the extracts are tested in a bacterial short-term test. So particles floating
free from each other in the air are brought together, part of their chemical
components is subsequently dissolved in one batch of solvent and this solvent
is mixed with an aqueous bacterial medium with homogenized mammalian cells
(to simulate mammalian biotransformation) and bacteria. Obviously, this
experimental procedure cannot be regarded as a good model for human exposure
via inhalation.

First of all, because humans inhale complete air and not only its
particulate fraction. This means that the target cells are not only exposed to
particulate pollutants, but also to their gaseous counterparts. Besides being
mutagenic themselves, the latter may also interfere with the action of the
particulate compounds. The response of the target cells to the particulate
mutagens might be altered by these compounds. Furthermore, the clearing of
the particles from the respiratory tract might be impaired, which will most
certainly result in an altered exposure of the target cells. In contrast with
sampling, the particles are not brought together during inhalation. Depending
on their aerodynamic diameter they will deposit separately in different parts

of the respiratory tract. The target cells will be exposed to individual particles
which are slowly extracted by the aqueous lung surfactant or by fagocytosing
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cells and not to an extract ofall the particles together, let alone a rigorous extract
in an organic solvent.

Both, the effects in the test bacteria and those in the target cells will
be influenced by biotransformation of the components in the particles. In the
test, biotransformation occurs through the enzymes of thã homogenized
mammalian tissue outside the bacteria and inside the bacteria by bãcterial
enzymes. In the respiratory tract, biotransformation occurs in intact cells which
may at the same time be the target cells. The resulting difference of metabolic_
activation pattems will most probabþ add to a qualitativeþ as well as quantitative-
ly different exposure to the ultimately active compounds.

we may expect the effects in the lung cells and the test bacteria not
to be equal to the sum of the effects of the mutagenic compounds. rnteractions
among compounds will probably influence the effects (see previous chapter).
rn addition to mutagens, the particles can contain compounds which are
themselves not mutagenic, but which alter the reaction of the cells or the bacteria
to the mutagens; such interactions can also be expected to occur among the
mutagens. They may play a role at several levels. The mutagenic response may
be altered by other toxic effects, the biotransformation of a compound may be
affected by the presence of other compounds (competition, changes of enzyme
activity), compounds maybecome unavailable because they form cómplexes with
other compounds and the reaction to the initial damage (e.g. repair of primary
DNA lesions; promotion after initiation of carcinogenesis) rnuy b" altered. The
marked differences between the exposure conditions in humans and in the test
will probably determine these interactions to a great extent.

The extrapolation is not only hampered by these drastic differences in
exposure conditions but also by the fact that mutagenesis in special sensitive
bacterial strains is compared with carcinogenesis in lung cells. Bãth, the targets
and the effects differ widely. The sensitivity of bacteria and target cells rnuy u"
expected to differ qualitatively, i.e. as regards the types of mutagens they are
sensitive to and the types of mutations that are induced, as well as quantitatively.
Furthermore, the initiation of carcinogenesis by mutations is onìy one, albeit
important, stage of the complete process (see chapter 1). ihe bacterial
mutagenicity test tells us nothing about the occurrence of compounds which
cause other, non-mutational effects that contribute to carcinogenesis, such as
promotion.

This speculative comparison of mutagenicity of the particles as it is
determined with a short-term mutagenicity test and carcinogenesis in the
respiratory tract of exposed humans leads to the conclusion ihut, although



44

mutations play a key role in carcinogenesis, the distance between these two
combinations of exposure and effect is so large, that a correlation between the
effects can not be expected a priori. The reason for the possible absence of a
correlation is not a "general" non-carcinogenicity of the mutagens in the particles.
It is the fact that the expression of their carcinogenicity is not necessarily
expressed under the specific exposure conditions in the specific cells that causes

the uncertainty. In general, tests which as the Salmonella/microsome test are
characterized by a broad sensitivity, i.e. they are sensitive to many classes of
mutagens, as we may expect, the majority of the mutagens in the particles. So,
they indicate with fair certainty whether any mutagens, and thereby possible
carcinogens, are present. Whether this presence actually leads to carcinogenesis
in the respiratory tract of the exposed human depends on many other factors
which are not accounted for in the test or the preparation of the test material.

This is not to say that a correlation can be excluded a priori. Although
the correlation may not be deduced from the methods used to determine the
mutagenicity, i.e. sampling, extraction and testing, it may, nevertheless, exist and
be revealed by further investigations. For example it may directly be investigated
bycomparing mutagenicityand actualcancerincidence. Sofar, this epidemiologi-
cal approach has been followed in only one published study (Walker et al .,1982),
which did show a correlation between mutagenicity and lung-cancer mortality,
while mutagenicity did not correlate with mortality rates for other causes.
However, the results of this study should be interpreted with caution. During
the last two decades it has become most uncertain to what extent the increase
of the lung-cancer incidence which is associated with lMng in urban and industrial
areas (the urban factor) is really caused by air pollution. At the moment, it is

generally held, that it can largely be ascribed to differences in smoking habits
and, possibly, occupational exposure. If a contribution of air pollution does exist,
it is probably so strongly confounded by these other exposures, that it will be
very difficult to sort it out in epidemiological studies. Still, the study of Walker
et al. is intriguing enough to deserve following; it suggests that mutagenicity
opens the possibility to discern a contribution of air pollution to lung-cancer
incidence.

Another way to investigate the correlation is to elucidate the chemical
nature of the mutagens and, subsequently, investigate their carcinogenicity in
experimental animals. A strong point of the short-term tests in this context is,
that their short-term nature greatly facilitates investigations on the chemical
nature of the mutagens. For example, they can easily be applied in bioassay-
directed fractionation (Alfheim et al., 1985; Schuetzle and Lewtas, 1986). This
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means that extracts of the particles are fractionated with analytical-chemical
techniques, in most cases chromatographical techniques, and thåt the fractions
thus prepared are tested for mutagenicity. The experimental flexibility of the
short-term tests even allows mutagenicity to be used as a detection criterion
in chromatography. Mutagenic fractions can be fractionated again to achieve
further isolation of the mutagens from the non-mutagenic compounds. Finally
the chemical homogeneity of the mutagenic fractions becomes high enough for
a meaningful chemical analysis aimed at the identification of thá mutagens.

The tests can also contribute to the identification of the mutagens without
the intervention of analytical-chemical techniques. Bacterial strains have been
developed with a specific insensitivity to compounds the mutagenicity of which
is determined by bacterial reduction of nitro groups (Rosenkranz and Mermel_
stein, 1983 and 1985); a reduced effect in these strains compared to that of the
parental strains strongly indicates the presence of nitro compounds as mutagens,
as was indeed found for the particles (wang et al., 19g0; Alfheim, 19g2). Also
the comparison of effects obtained in the absence and presence of the tissue
homogenates for metabolic activation can support the identification of the
mutagens. This is exemplifìed by the pAH, compounds the mutagenicity of which
depends completely on the use of tissue homogenates. The clear effects in the
absence of the homogenates unambiguously showed that besides pAH other
mutagens must be present in the particles.

The mutagens thusfar identified with bioassay-directed fractionation or
otherwise are nitrated derivatives of pAH and related compounds (Alftreim et
al., 1985; Lewtas et al-,1990; Nishioka et al., 1988; Harris .t ul.,l9g7;Helmig
et al-, 1992). These compounds are widely studied for their mutagenic and
carcinogenic properties as well as their metabolism and toxicokinetics in in vitro
and in vivo experimental systems (onishi and rokiwa, 19g6). The results do
not yet allow for unambiguous conclusions about the cancer hazardassociated
with the inhalation of the particles as far as this hazard is associated with the
presence of these mutagens. Together with the scanty character of the
epidemiological evidence (walker et al.,l9g2), this brings us to the conclusion,
that, for the time being, the use of the mutagenicity of the particles in air-
pollution research is only justified by the fact that it shows whether or not
mutagens (and thereby potential carcinogens) are present and that it can by
no means be regarded as a direct indicator for human cancer risk.

Even so, mutagenicity can be put to good use in air-pollution research,
in particular in the hands of the researcher interested in the sources and the
atmospheric processes which determine the exposure to the potentially
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carcinogens in the air.It allows a direct - without chemical anaþis of the active
compounds - identifìcation of sources and measurement of their contribution.
Distnbution and changes after emission can directly be followed and the influence
of important factors such as meteorological conditions and atmospheric chemical
reactions on these processes can directly be investigated. Bioassay-directed
fractionation is also important in this context. It allows a direct investigation
of the link between changes of mutagenicity and changes of chemical compositi-
on. The latter can in their turn be linked with changes in source pattern orwith
chemical reactions in the atmosphere, thereby, leading to a better understanding
of the chemical background of air pollution with particulate mutagens.

Thusfar, mutagenicity has pointed to a diversity of potential carcinogens
where there were only PAH in the past and it helped to establish a strong
hypothesis about the origin of these compounds. Without exaggeration it can
be stated that mutagenicity has lead to a complete reassessment of the "position"
of the PAH in air-pollution research. By doing so, it contributed much to our
knowledge of human exposure to potential carcinogenic compounds via the
inhalation of ambient airborne particles. Obviously, mutagenicity does also,
although indirectly, contribute to our knowledge about the actual human cancer
risk associated with this exposure, because this risk can onþ adequateþ be studied
if the exposure is sufficiently known in qualitative as well as quantitative terms.

Polycyclíc nromartc hydrocarbons
In the case of the PAH concentrations we are not dealing with extrapolation
between two different effects in two different biological systems, but from
concentrations to an effect, i.e. extrapolation from concentrations of a series
of well defined chemical compounds with proven carcinogenic properties in
ambient airborne particles to cancer in the human respiratory tract upon
inhalation of these particles. Essentially, the PAH concentrations are only an
indicator for exposure because they do not directly indicate possible effects;
for this aspect of their indicative value they completely depend on the results
of additional toxicological studies. This in contrast with mutagenicity, which
indicates an effect and, thereby, exposure; in the case of mutagenicity additional
investigations must reveal which compounds cause the effect, which then allows
a clarification of exposure in chemical terms and opens the way for studies on
the human-toxicological relevance of the effect. The use of mutagenicity may
lead to the discovery of new classes of compounds the concentrations of which
may subsequently be used as air-pollution indicators in the same way as the PAH
concentrations are.
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so, if we are considering the extrapolation problem for the pAH we are dealing
with trvo questions. The first reads: what do the measured concentrations tell
us about the real exposure levels ofthe target cells? The second one is concerned
with the effects that can be expected upon this exposure. The answer to the
first question depends on the extent to which the sampling and extraction
techniques used for the chemical anaþis of the particles reflect ,'sampling,'and

"extraction" as it occurs by and in the respiratory tract.
sampling has to cover the pAH-containing particles that are inhaled

and deposited in the respiratory tract and to exclude other pAH-containing
particles. Both demands are easily fulfilled as pAH have only been found in
the respirable fraction of the particles (Van cauwenberghe, ilss; vun vaeck
and van cauwenberghe, 1983; Baek et al., 1991), which is fully covered by most
samplingdevices (see chapter5). Exraction causes more problemsforextrapola_
tion. rt differs widely from the processes which make the pAH bioavailable in
the respiratory tract. Generally it is aimed at a complete as possible dissolution
of all the PAH in organic solvents (see chapter 5), while in the respiratory tract
the solvents are aqueous media such as the lung surfactant and those present
in the fagoc¡osing cells. As PAH are rather apolar compounds, theywill at least
be dissolved less readily, and possibly also less completely in the resiiratory tract
than during extraction. In the particles the pAH are part of a complex,
carbonaceous matrix to which they can be so strongly bonded that it is even
difficult to dissolve them completely with organic solvents, let alone that a
complete extraction can be achieved with aqueous solvents.

sofar, it remains obscure in which way and to what extent the pAH are
actually made bioavailable to the target cells in the respiratory tract. However,
this not necessarily affects the indicative value of the pAH concentrations as
this value depends not so much on the actual exposure levels as such, but on
the correlation between these levels and the concentrations in the air. This
correlation may still be high enough for a meaningful application of the pAH
concentrations as air-pollution indicator. It depends on the variation of the
bioavailability of the PAH, which in its turn depends on differences among the
particles and differences among the exposed population. The sources of the
particles as well as their history after emission may be important in this respect.
rt can, for instance, be imagined that the bioavailability of the pAH in traffic
emissions differs from that of the pAH in industrial emissions. This could also
be the case for particles immediately downwind of a source and those from the
same source after transport over long distances and concurrent alteration by
various chemical and physical atmospheric processes.
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The individuals of the exposed population are expected to show differences in
the clearing efficiency as well as the extraction of the particles. These differences

may have a genetic background or may be associated with life style, occupational
exposure and nutrition. lbbacco smoking will most certainly be a very important
life-style related factor, because it affects functioning of the respiratory tract
in many aspects; we may, for instance, think of the reduced clearing of particles

in smokers. However, it is doubtful whether these differences are really important
in this context. It should be realized that air-pollution research is generally

concerned with exposure and effects (e.g. cancer incidence) at the population
level. In fact, we are interested in the correlation between concentration and

exposure for populations, which implies that individual differences in bioavailabili-

ty are levelled out to differences at the population level. It may be assumed

that the latter will be much less important than the former and it seems

improbable that they will seriously affect the reliability of the concentrations
as indicators for exposure if we restrict ourselves to the population level.
Therefore, the conclusion seems to be justified that the indicative value of the
concentrations as far as exposure is concerned, is primarily hampered by the
uncertainty about the differences among the particles and not so much by the
differences among the exposed population.

A correlation between PAH concentrations and actual exposure does

not automatically imply a correlation between these concentrations and lung-
cancer incidence. To make this clear we will discern three levels in the aetiology
of lung cancer: All "carcinogenic" factors including those not related with air
pollution, all air-pollution related factors and PAH without other carcinogenic
air pollutants. Obviouslywe may not expect a clear correlation between the first
level and PAH concentrations in ambient air, largeþ because of the ovenvhelming

contribution of smoking to lung-cancer incidence. However, we may neglect
these non-air-pollution factors and restrict ourselves to the correlation with the
two other levels, thereby accepting that such correlations are more or less virtual.
This virtuality does not, however, make them less important; even an obscured

contribution of air pollution may be unacceptable. In the case of "air pollution
as a whole", other carcinogenic air pollutants as well as non-carcinogenic ones,

e.g. promoters, may affect the correlation. The non-carcinogenic ones are

important if we consider the correlation for the "PAH without other carcinogenic
air pollutants". We cannot expect beforehand the concentrations of these

compounds to correlate with the concentrations of the PAH, as they may have

other sources and as they may differ in their physical and chemical fate after
emission. Available knowledge about these aspects as well as the relevant effects
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of these compounds is far too scanty to allow an evaluation of their significance
in this context.

The last important factor in the "extrapolation chain" from pAH
concentrations in the particles and lung-cancer incidence is the carcinogenicity
of the PAH themselves. will exposure of the cells in the respiratory tract indeed
lead to cancerous growth? The scope of this section doesìot a[Lw a detailed
overview of the literature on the carcinogenicity of pAH (see for reviews: NRC,
1972 and 1983, IARC, 1973 and 19g3; Dippre , 1976; Hoffmann and wynder,
1977; Montizaan et al., 1989). However, it unambiguously reveals thaimany
PAH are indirect genotoxic carcinogens, among them very strong ones, which
can induce tumours in various experimental animals, organs ånd tissues via various
exposure routes, including the inhalatory route. Besides experimental evidence,
indications are available from occupational-epidemiological studies. It has been
observed several times that occupational exposure to the coal-tar vapours and
particles emitted by coal gasification and coke production leads to an enhanced
lung-cancer incidence (IARC, 19g4). we have seen that the presence of pAH
can explain at least a large part of the carcinogenicity of coal tai in experimental
animals (see chapter 1), which makes it probable that these compounds will also
contribute to the lung-cancer incidence in the exposed workers. As coal tar also
contains other, albeit related, carcinogens (such as nitrogen-heterocyclic pAlI
or aza-arenes), the possibility that these, and not the pAH are the causative
agents cannot, however, be excluded.

These experimental and epidemiological studies differ from the "real-life"
exposure of humans to ambient airborne particles in that the exposure levels
were extremely high compared to those prevailing in the "real-life" exposure.
we have to extrapolate from clear effects or indications obtained at these
extremely high levels to effects that might occur at much lower levels. Are the
PAH still carcinogenic at these lower exposure levels? or to put this question
othenvise: Is there a threshold exposure level, below which the pAH no longer
induce cancerous growth? If the latter question can be answered in the
affìrmative and if the threshold lies well above the exposure levels encountered
in the "real-life" situation, the presence of the pAH in the air loses its significance
for human health. several mechanism can be suggested which would lead to
a threshold level or to an otherwise deviating dose dependence of the
carcinogenicity of the PAH at lower exposure levels. They can only be touched
upon very briefly here. we have seen that pAH are indirect carcinogens; the
biotransformation processes involved in the activation might proceed in another
way at lower doses, thereby producing proportionally less (or more) active agent.



50

It can also be speculated that scavenging of the active agents is more effective
at lower doses resulting in a shorter half life and less accumulation. Furthermore,
the processes directly involved in the fixation of the initiating mutation, e.g. DNA
repair, might be dose dependent. The number of initiating mutations necessary

for the onset of cancerous growth per cell may also be important; it has been

suggested that one is not enough, which would automatically imply a threshold.
Finally, after initiation other processes are necessary for the initiated cell to
grow out to a tumour. Promotion is one of them; recently attention has been

focussed on the stimulating effect of an increased cell-division rate, which can
be a side effect of the exposure caused by general toxicity (see chapter 1). It
seems probable that such processes are characterized by a threshold.

We mayregard the question as to the threshold level as the key question
of the PAH extrapolation problem. The considerations above suggest that a
threshold might very well exist. However experimental evidence is very hard
to obtain, just because no carcinogenic effects can be induced in experimental
frameworls at the exposure levels encountered in the "real-life" situation. In
regulatory practice a conservative or worst-case approach is followed, which
means that no threshold is accepted and that a linear extrapolation from high
experimental to low "real-life" exposure levels is applied; every exposure, low
as it may be, is regarded as presenting a carcinogenic risk. It is evident that the
regulation of carcinogens in general and that of PAH in ambient air in particular,
would benefit much from studies aimed at elucidating carcinogenesis at lower
exposure levels.

Obviously, the response of the respiratory tract to the exposure in terms
of cancer induction will vary strongly among the exposed population. Again
factors such as genetic background, life style (smoking) and nutrition may be

important. However, like the differences affecting bioavailability, we mayexpect
this variation to be averaged out at the population level.

The considerations about the indicative value of the PAH concentrations
may be summarized as follows:

The sampling techniques used do not affect the indicative value, as these
cover all the inhalable particles and as no PAH are present in the non-
inhalable particles.

The extraction techniques used differ widely from the extraction of the
Pr\H as it occurs in the respiratory tract (the processes which make the
PrA,H bioavailable); the latter will most probably be less rapid and less

complete than the former. However, the indicative value does not depend
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on completeness but on the extent to which extraction correlates with
actual exposure level. This correlation may be weakened by differences
between the particles which are associated with their source pattern and
their history after emission. Differences among the population as regards
the bioavailability of the pAH are most probably not important is this
context, because it is the cancer incidence in the population (and thereþ
the average bioavailability in the population) that counts and not the
individual cancer risk.

- As P,A'H are found to be carcinogenic upon exposure via inhalation, we
may expect that the exposure to the pAH in the particles will indeed
lead to an enhanced lung-cancer incidence, at least if we accept the
absence of a threshold.

- However, this does not automatically imply a high indicative value. The
effects of the PAH may be influenced by non-carcinogenic pollutants
the presence of which does not necessarily correlate with the pAH.

- If we want to use the pAH concentrations as indicator for the
carcinogenicity of air pollution as a whole (instead of air pollution with
PAH) the presence of other carcinogens becomes important as well.

- Differences in the carcinogenic response among the exposed population
are most probably not important here, again because it is the cancer
incidence in the population that counts, instead of individual cancer risk.

It can thus be concluded that the indicative value of the pAH concentrations
will be restricted by the following factors:

- Differences among the particles which affect the bioavailability of the
PAH.

- uncertainty about the carcinogenicity of pAH at low levels and the
existence of a threshold level.

- The presence of non-carcinogenic pollutants which influence the effects
of their carcinogenic counterparts.

- The presence of other carcinogenic pollutants.

Little is known about these factors, which makes it impossible to draw more
definitive conclusions about the indicative value of the pAH concentrations.
As PAH still play a predominant role in air-pollution research, there is a need
for further investigations into these factors and their influence on the indicative
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value. Mutagenicity can be put to good use in these investigations, in particular
as far as the presence of non-carcinogens and other carcinogens is concerned.
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CHAPTER 5

AMBIENT AIRBORNE PARTTCLES: ORIGINS, SAMPLING
AND EXTRACTIOÑ

Air can be regarded as an aerosol, i.e. a mixture of particles and gases that
exhibits a degree of stability in a gravitational field. The particles in this aerosol
differ widely as regards their origin, composition, dimensions and behaviour.
Basically, their presence in the air is the result of the following processes:

- Mechanical processes such as grinding, abrasion and nebulization. wind,
waves' wear, volcanic eruptions, industrial activities or traffic can act
as driving forces for these processes. The particles thus produced can
have an abiotic nature, e.g. sea-salt particles, volcanic ash and dust from
automobile-tyre wear, or a biotic nature, e.g. pollen and spores of fungi.
They represent the so-called coarse particles in the air, i.å. the particles
with an aerodynamic diameters (ADM) larger than l-2 pm. T.heir
upperbound ADMs are largely determined by gravitational settling. At
larger ADM's their sedimentation rate is so high and, consequently, their
residence time so short, that they can no longer be regard-d as part of
the aerosol.

- The emission of hot vapours which condense after cooling, thereby
forming droplets or solid particles. Sources of these vapours are various
industrial processes and the combustion of fossil fuels and other organic
materials. In general, the ADMs fall in the range of < 0.01 pm to o.l
pm.

a The contents of this chapter is largely based on the following references: willeke ancl whitby
(1975), Corn (1977), Whitby (1978), Haagen-smit and wayneçón¡,Nnc lreze¡,ninds (19s2i
Liu et al- (1984), Finlayson-Pitts and Pits (1986). The reaáer ià rereiieo to these publications for
further details. The chapter only presents a very global treatment of a well develåped and broad
field of air-pollution research.

s The diameter of a sphere of unit density which has the same aerodynamic properties as the
particle in question.
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Condensation of compounds with low vapour pressurss, which are formed
in the air by chemical reactions from compounds with high vapour
pressures. This process is called homogeneous nucleation or self-
nucleation. Numerous compounds and chemical reactions may be invohed
in the formation of these particles. Well known is the formation of
sulphates and nitrates from sulphur oxides and nitrogen oxides.

Furthermore, organic compounds may be attacked by reactive oxidizing
species, such as OH radicals, leading to oxidized products with a low
vapour pressure. The ADM's of the particles formed as a result of these
reactions fall in the sâme range as those of the particles formed after
the condensation of hot vapours, i.e. between <0.01 and O.l pm.

The particles formed by both condensation processes are called transient nuclei;
this to express that their ADM increases rapidly after their formation. They tend
to combine (magulate) to larger particles. Moreover, they will also serve as nuclei
for condensation of low vapour pressure compounds emitted or formed by
chemical reactions (heterogenous condensation). Finally, they can participate
in chemical reactions with gaseous compounds on their surface. Thus, the
transient nuclei increase in size until they accumulate in an ADM range from
0.1 to 1pm, the so-called accumulation range. lbgether, the transient nuclei
and the particles in the accumulation range represent the fine particles. If the
number concentration of the fine particles in the air becomes high, lowvapour-
pressure compounds will completely condense on the surface of the existing
particles and the formation of new particles by condensation will become less

important, unless they are formed during, or directly upon emission.
So, the distribution of the particles in the air over ADM classes will show

a trimodal character: transient nuclei (<0.1¡zm), accumulation range (0.1-1
pm) and coarse particles ( > 1 -þm). The proportion between these three modes
in mass, volume, surface or number strongly depends on the sources and the
age of the particles as well as the meteorological conditions. In general, the
coarse particle will dominate in mass and volume (their share amounts to at
least about 50Vo), the transient nuclei in number and the accumulation-range
particles in surface. The latter may also significantly contribute to mass and
volume, and, to a less great extent, to number, while the contribution of the
coarse particles to number and that of the transient nuclei to mass and volume
are generally negligible.



Table 4.1

55

Major sources and processes contributing to the particulate
fraction of the air on a gtobal scale lfrom Whetpdate and Munn, 1977)

production rate

metric ton per day Vo by weíght

wind-blown dust

sea spray

volcanoes

forest fires

2 x 104 to 106

3x10ó

104

4x 105

9.3

28

0.09

3.8

vegetation

sulphur cycle

nitrogen cycle

volcanoes

-5xl05to3x10ó

105 to 106

2x 106

103

28

9.3

14.8

0.m9

10 x 10ó 94

indwtrial * combwtion

dust from agriculnre

1xldto3x1o5

102 to 103

2.8

0.ü)9

hydrocarbon vapours

sulphates

nitrøtes

atwnoniunt salts

7xlO7

3x104

6x104

3x103

0.06-5

2.8

0.-56

0.28

6.7 x 10s 6

10.7 x 106 100

r Prinary Particl6 ere particles ænsísting ofsotid or liquid naterial emitred as suclç while se@ndary prrticls
are fomed in the air by chemiel reactions from gaseous conpounds.

various processes can serve as sinr6 for the particles. The coarse particles are
removed by sedimentation and washout (impaction with rain dropìets). In the
absence of rain, the transient nuclei will all be removed to the accumulation
range by condensation and coagulation. In case of rain, they may be removed
bywashout. The sinks for the accumulation-range particles are washout, rainout
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(the particles serve as nuclei for rain-droplet formation) and dry deposition.
Their residence time is much longer than that of either the transient nuclei or
the coarse particles. Obviously, it depends strongly on meteorological conditions
and is estimated to have a maximum duration of about one week.

The most important sources and processes contributing to the presence

of the particles in the air are summarized in table 4.1, together with a rough
estimate of their contribution on a global scale. A striking feature of this table
is the preponderance of natural sources. However, limitations of sink and

dispersion processes lead to a preponderance of particles with an anthropogenic
origin in urban and industrialized regions. Major sources in these regions are

fuel combustion, transportation, incineration, industrial emission of gases and
vapours and abrasive processes. The ratio between the contributions of these

sources will depend on the region; nevertheless, combustion-related sources

will always account for a large part. It is the particles emitted by these sources

which contain most of the mutagens and the PAH (see chapter 1); furthermore,
they are fine particleswhich are producedby condensation of hot vapour formed
during pyroþis, which means that they fall within the ADM range which can

reach the deepest parts of the respiratory tract upon inhalation (Täsk Group
on Lung Dynamics, 1966; ISO, 1983).

It should be noted that mmbustion also leads to the formation of particles

by chemical reactions after emission has taken place, although this is not indicated

in the table. Combustion is not only accompanied by the emission of immediately
condensating hot vapours, but also by compounds which are sufficiently volatile
to remain in the gas phase for a substantial part of their residence in the air.
These compounds may participate in gas-phase reactions leading to non volatile
products. Among them are a number of PAH. It is nowwell established (Thrane
and Mikalsen, 1981) that some of the volatile PAH, in particular pyrene and

fluoranthene, reactwith OH radicals and nitrogen dioxide to form the mutagens

2-nitropyrene and 2-nitrofluoranthene (Pitts et al., 1985; Nielsen and Ramdahl,
1986; Arey et al., 1986; Pitts, 1987). These nitro-PAH are found in ambient
airborne particles and not in the particles emitted by mmbustion processes, which
confirms their formation in the air.

Sampling
Ambient airborne particles can be collected with various techniques based on
the following principles: filtration, inertial impaction, gravitational or centrifugal
sedimentation, impingement, diffusion, interception and thermal or electrostatic
precipitation (Finlayson Pitts and Pitts, 1986). Each principle and technique
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is characterized by its weak and strong points and its application depends on
requirements dictated by the specific objectives of the sìudy. Basically these
requirements have to do with:

- the amount of particulate material that has to be collected per time unit
to achieve an acceptabre accuracy or experimental convenience
(collection rate: high-vorume sampling vs. low-volume sampling),- the number of samples that have to be collected (a high number will
demand simpler and cheaper techniques),

- the selection of the particles according to their ADM (e.g. fine vs coarse
and respirable vs non respirable),

- the compounds or effects that have to be determined (e.g. certain type
of filters are used to prevent chemicar conversion of the compounds
of interest during collection),

- the techniques that have to be applied for extraction, chemical analysis
or biological testing of the collected particles.

rn case the objective of a study is to investigate the mutagenicity of the particles,
the amount of particulate material that has to be collected for one test sample
depends on the sensitivity of the test. The sensitivity of the tests now available
requires that relatively large amounts of material have to be collected, in
particular ifdose-response relationships have to be established for several variants
of the test. Practical experience has shown that testing of typical urban particles
in a standard Salmonella/microsome test with four to five indicator strains, with
and without tissue homogenate for metabolic activation, requires the amount
of particulate material from at least several hundred m3 of air; a clear effect
is generalþ obtained at testing the equivalent of 1 to several m3 per petri dish.
rn most cases, the time available for sampling must be short enough to enable
the temporal dispersion of the mutagenicity to be investigated witÀ a sufficient
resolution. This means that high collection rates have to be maintained during
sampling. Furthermore, depending on the desired resolution of the temporal
and spatial dispersion, many samples have to be collected, which means that
the techniques used must be simple and cheap. Together, these requirements
have lead to the choice of high-volume filtration.

In addition to high collection rate and simple application, high-volume
filtration offers the advantage that it enables the collection of a large part of
the ADM range of the particles. The collection effTciency is determinedby the
following factors.
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The shape of the inlet determines which particles are small enough to
follow the air stream to the filter.
Very small particles are collected by diffusion followed by sticking to
the filter material. The efficiency of this process is determined by the
structure of the filter material. Generally particles down to less than
0.01pm can be collected efficiently.
Sampling efficienry shows a dip between 0.1 and t pm at the linear air
speeds generalþ applied, which is caused by the fact that the mntnbution
of diffusion decreases at larger ADMs, while that of the other major
collection process, impaction, decreases at larger ADMs. Its depth
depends on the filter material.

The filters generally used in mutagenicity studies are made of glass-fibre mats
or ïþflon-coated glass-fibre mats, because they combine a high collection
efficienry with a low air resistance (a prerequisite for the necessary high
collection rates). Their ADM range starts at less than O.Ol pm, at the dip between
diffusion and impaction they still reach a efficiency abovegOVo, while larger
particles are completely collected. The construction of the sampler apparatus,
wind speed and wind direction determine the upperbound ADM. The inlet of
most apparatuses provides for a gradual decrease of sampling efficienry between
about 5 and 50pm. Inlet together with filter guarantees near complete collection
of the particles which can enter the respiratory tract.

Sømpling ørtiføcts

During sampling each particle is fixed on the filter material in a layer of other
particles for the remainder of the sampling time. During this period it is exposed
to compounds in other particles, to the filter material and to the air stream
passing the filter with its gaseous pollutants. Sampling means that the particles
are no longer freely floating in the air, but are placed in an enforced stream
of air; that othenvise isolated particles with different origins and chemical
composition are brought into contact with each other. After sampling exposure
conditions as well as compounds exposed to, differ strongly from those in the
air.

This change-over has been found to be the critical step in the preparation
of extracts which are suitable for chemical analysis and mutagenicity testing.
It will certainly lead to a pattern of chemical reactions which differs from that
prevailing in the air and which may affect the PAH and the mutagenicity in
another way. Existing mutagens may be deactivated or transformed into new
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ones, while new ones may also be formed from non-mutagenic compounds; the
composition of the particles as regards compounds which are not mutagenic
themselves but influence the effects of the mutagens may also change. The
simplest effect can be expected for the pAH concentrations: they can only
decrease. several studies have dealt with this possible artifact (Lee et al., 19g0;
Grosjean, 1983; Grosjean et al., 1983; Brorström et al., 19g3;van cauwenberghe
et al., 1980; Daisey et al., 1983; Fitz et al., 19g4). They suggest that in uny.ã*"
its influence is not so strong as to really undermine the apfficability of the trvo
indicators; however, further studies are needed to get a more quantitative
impression of this influence and, thereby, the reliability of the two indicators.
rt was deemed important enough to be one of the main topics of the research
presented in this thesis.

sampling can also introduce artifacts of a more physical nature. Inevitably,
the filters used show some air resistance, which increases when they becorne
laden with particles during sampling. The air resistance will result in a pressure
drop over the filter which in its turn may lead to the evaporation and, thereby,
loss of the more volatile components of the particles. This artifact has been
intensively studied for PAH (van cauwenberghe et al., 19g0 and van
cauwenberghe 1985; van Vaeck et al., 1984). The results made clear that it
may indeed lead to a serious underestimation of the concentrations of the more
volatile PAH in the particles. rt remains unclear to what extent it affects the
mutagenicity. Contrary to this artifact, another one will lead to an overestimation
of P¡{,H concentrations. It has been shown that glass-fibre filters, the filters most
often used for high-volume sampling, can effìciently adsorb gaseous organic
compounds from the airstream passing the filter (McDow and Huntzicker, 1990;
Ligocki and Pankow, 1989). The adsorbed amount may be so large as to easily
overcompensate the artifactual evaporation. It is uncertain to which extent this
artifact leads to the introduction of mutagens originally not present in the
particles. PAH directly adsorbed to glass fibres are very vulnerable to chemical
conversion (Pitts et a1.,1978 and 1980; De Raat, l9g2 and 19g3; De Raat et
al., 19874 and 19878) and as the products of these reactions may be strong
mutagens, this artifact may in particular be relevant to the mutaglnicity in a
indirect way. chapter 11 presents the fîrst study which pays attention to this
possibility.
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Extraction6
After sampling comes extraction, another possible source for artifacts that may
affect the value of the two indicators. ft means dissolving compounds that were
originally components of separate and chemically distinct particles and compounds

that were present in one particle but isolated from each other. Compounds that
were separated in the air and during sampling are brought in contact with each
other. These changes may be accompanied by chemical reactions leading to a
new chemical equilibrium in the mmplex mixture; these reactions may be bocted
by the elevated temperatures or other influxes of energy (light and ultra sound)
during extraction. In many cases air is not excluded from the extraction s'rstem

which may lead to additional oxidation. Moreover the solvents need not be inert
and may react with the matrix components. Finally the concentration step that
follows the dissolution (evaporation of the solvent; the volume of the extract
is often reduced more than a hundred fold) may aggravate the chemical artifacts;
in many cases the solvent is even completely removed and the remaining tar
is dissolved again in a solvent suitable for the biological test or chemical analysis.

Besides being inert (absence of chemical reactions which affect the
concentrations of relevant compounds), the extraction needs to be complete.
Complete in the sense, that there is no doubt that all the compounds that can
in principle be extracted with the applied solvent-technique combination are
in practice indeed easily dissolved. Completeness defined in this way is a
prerequisite as it determines the mmparability of results obtained after extraction
with this combination. Ideally completeness should really mean complete
dissolution of all relevant compounds. However, it is practically impossible to
obtain certainty about this. Inert extraction always leaves an insoluble residue
behind which may contain relevant compounds, while complete dissolution can
only be achier¡ed with destructive extraction methods. Ambient airbome particles
contain PAH and mutagenicity that can easily be extracted with organic solvents.
Intensification of the extraction and repeated extraction with the same or other
solvents does not leld higher PAH concentrations or does not change
mutagenicity (De Raat, 1982 and 1983; De Raat et al., 19874). It thus appears
that it is possible to achieve completeness as regards this readily extractable

6 See Stanley et al. (196?), Gordon (1974), Grosjean (1975), Hilt et al. (1977), Breuer, 1984,
Barkenbus et al., 1983; Watts et al., 1992 and De Raat (19874) for the extraction of organic
compounds (among them PAII) with organic solvents from the particles; the extraction of mutagens
with organic solvents has been investigated by Tålcott and Wei (1977), KrisÌrna et al. (1983), De
Raat (1982 and 1983), Viau et al. (1982), De Raat et al. (19874) and Lee er al., 1991.
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fraction. Relevant compounds may stay behind in the insoluble residue; it is,
however, questionablewhether these compounds bear any biological relevance
as their biological availability will be very limited. In the past so=me studies on
the mutagenicity of the particles have applied extraction techniques not optimal
as regards the readiþ extractable mutagenicity (Altreim and Møller, lg79;M6ller
and Alftreim, 1980). The reduced value of these studies is evident, because we
may expect a sample dependence of the mutagenicity extracted. This sample
dependence should always be avoided because it reduces the comparability of
the results to an unacceptable level.

rn view of these considerations it is remarkable that the literature
mentions hardly any studies about the quality of solvent extraction of ambient
airborne particles as regards its inertness and completeness. A few studies are
concerned with the extraction of organic carbon and pAH. Their conclusion
is that maximum yields can be obtained by the combination of apolar and polar
solvents. The author did not fïnd any literature data about possible chemical
conversion. In particular the influence of extraction on mutagenicity deserves
attention in future research, because small chemical changes may have drastic
effects on this effect. This is exemplified by the extremely.utug"ni" rompounds
that can be formed from non mutagenic pAH by nitration oi oxidation.
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CHAPTER 6

MI-IAGENICITY OF AMBIENT AEROSOL COLLECTED
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ABSTRACT

To investigate the influence of the densely populated and heavily industrializedRijnmond area of The Netherlands on ttre genoioxic'itv 
"r irt" "*-¡i"rrt ""ro.ol, aerosolsamples were collected at locations within ihe ur"-", 

"rrd 
at a coastar region located up-wind' The mutagenicity of extracts of the samples *"r 
"o-p"."J iiirr" salmonella/microsome- test. The dependence of the effects on sampling timeìnd on sampling locationwas investigated with the aid of a series of simple mathematical *"à;k. These modelswere also used to estimate the increase in mutagenicity above ¡""Lgr"u"a levels at thesites in the Rijnmond area due to emissions within thai 

"r"". apfii"ãlion ot the modelsshowed that the clear and significant increases are not merely a result of the additions ofmutagens emitted, but that possibry interactions between o*pli"g dÀà- and location_dependent factors play a role. comparison of the results obtained with the differentAmes-test variants (different strains, q'ith and without tiver ttomogerratejìi¿icate that theconclusions concerning the time and location dependence of thJeffecí were not depen-denü on the variant used.

INTRODUCTION

The presence of mutagens in ambient aerosols has led to many studiesduring the past 7 years t1-gl. with the realization that armost alr aerosolextracts investigated were clearly mutagenic, attention was focused on theorigin and the identity of the mutagens and on the variation of the effect
in time and space. The rezults now available point to the combustion offossil and organic fuels as major sources, and to substituted fand especiatynitrated) polycylic aromatic hydrocarbons (pAH) 

", " poriiute e¡oup of
responsible compounds [7,B,Lo-24]. The effect is clearry related to anthro-pogenic air pollution. Periods and areas with enhanced lei¡els of air pollution
are also characterüed by enhanced mutagenicity Í4,9,25_271. The muta-genicity of the aerosol can be considered as a io*i"ological air quality
indicator.

In the present study ttre conhibution to the mutagenicity of aerosol
extracts by an urban and industrialized area of The Netierhnäs was inves-tigated' Figure 1 shows a map of the area under investigation and the five

0048-969?/85/$03.30 @ 1985 Elsevier Science publishers B.V.
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Fig. 1. Map of the Rijnmond area (The Netherlands) with the sampling locations. Light
grey: urban area; dark area: (petrochemical) industry; (o) sampling site; (M) weather
station. The arrows roughly indicate the prevailing wind direction during the selected
sampling periods.

sampling locations. Twenty-three sampling trips were carried out during
which the aerosol was simultaneously sampled at these locations with a
prevailing wind between SSW and NW. Under these wind conditions, the
coastal location (Rockanje) 'was upwind of the other four locations and
the aerosol sampled at this location came dfuectly from over the sea and
was thus considered not to be infuenced by local sources. The five aerosol
samples from one sampling trip were simultaneously extracted and tested
for mutagenicity with the Salmonella/microsome test. Two bacterial strains
with differing sensitivity for classes of mutagens were used; the test was
carried out in the presence and absence of a rat liver homogenate for meta-
bolic (de)activation. In this way four test conditions (test variants) with
differing sensitivities were applied. Comparison of the genotoxicity of
aerosol samples from the coa.stal (upwind) location and the locations within
the area, permitted the increase in the effect due to the sources within the
area to be estimated. This comparison was formalized by an analysis of the
data with a series of simple mathematical models. Differences between the
effects for the four test variants can demonstrate whether the proportions
bétween them were influenced by the sources within the area, thus indicating
changes in the mutagenic quality of the aerosols.

MATERIALS AND METHODS

Sømpling locøtions

The coastal location (Rockanje) lies just to landward of the dunes at an
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altitude of 2-7 m above ground lever (the aerosor was sampled at twolocations close to each other). when winds are from the south-west, theaerosol sampled at the four other locations can be expected to be influencedby emissions from urban sources (schiedam a"a rrai"ge-nf ana/or (petrochemical) industriar sources and harbours (Lekhaveri aia cãurrräuen¡.sampling altitudes were 2 m for Geulhaven, about B0 m for schiedam, about
50 m for Lekhaven and about 25 m for Kralingen.

Sampling times

samples were taken simurtaneously at the five locations when winds wereforecast to be between ssw and NW io, *or" than 24h ahead. Data suppriedby the Royal Dutch Meteorological Institute showed that winds had indeedbeen as forecast on 2B occasions at the weather stations in Fig. 1. samplingcommenced between gand 11a.m. and lasted for 24h.The min-imum ouäri"iin time of the five sampres \ilas 22h. None of the r"*pri"g times werecharacterized by enhanc-ed oxidant (No2 * or) 
"on"àît Jiorrr, whichindicates the absence of photochemicar -r*og"periodr--ã"ii"g 

sampring(information from the Institute of public Health aia'prruirorr*ã"t¿ Hygiene).

Sampling method

sartorius HV100 'st-aubsammelgeräte' and sartorius sM1B400 grassfibre filters were used for sampring. The frow rate was 10ó*!ïjt,"åîãresulted in an average airspeed thiough the firter or 0.sg m s- 1 . sLräiãsampting the filters were washed ror 2[h in a soxhle;;;;;;, with meth_anol or a 1:1 (vol) mixture of methanol and acetone (RathbuÀ HpLC gradeor glass-distilled). After sampring the filters were wrapped in aluminium foiland stored at - 80oC.

Extraction

The five sampres derived from one trip were extracted simultaneously insoxhlet extractions for g h with methanoì lR"tt rrr*, Hplðg"ude) and thenfor 8 h with cyclohexane (nanograde) in a nitrogeo 
"t-orp-rr"re. 

The twoextracts of a sample were combined and evaporatãd to dryness at BO"c in arotating evaporator at reduced pressure. The residue, i"r"- dissolved indimethyl sulphoxide (3 ml for the residue from 2400 -t oi 
"i"¡ 

and storedat - 80oC.

Mutøgenicity testing

All aerosol extracts- were subjected to Ames's sarmonelra/microsome testfor mutagenicity [28]. Four variants of the Ames test ,ãiá-ir"a, namelysalmonella typhímurium strains TAgg and rA100 with and without meta-bolic activation by a liver homogenate (s9 fraction) from rats ireated with



66

Aroclor-1254 [28]. The aerosol extracts of one set of samples were tested
simultaneously (in a single test procedure). Four doses of aerosol extract
were tested in triplicate; these doses were always theresiduefrom 0,2.5,6,
7.5 and 10 m3 per plate for TA98 and from 0, 5, 10, 15 and 20 m3 per plate
for T4100.

Cølculation of the effects

The mutagenic potency of the extracts, (called 'effect' throughout this
paper) is assumed to correspond to the response increase per unit of dose.
It has been estimated from the numbers of revertant colonies per plate
according to the maximum likelihood method assuming Poisson sampling
and a linear dose response relation. No significant deviations from these
linear relationships were observed.

The dependence of the effect on location and time

A formal analysis of the dependence of the effect on location and samp-
ling time is essentially a comparison of the goodness of fit of mathematically
formulated hypothesises (models) in which specific features are included or
excluded. For this purpose the data have been analyzed using a series of
models with increasing complexity (summavized in Table 1) in such a \ryay

that each simple model is a special case of a more complex one. The design
of this series of models was possible because of the special set up of the
study in which sampling, extraction and testing of the five samples were all
carried out simultaneously. The data from the 23 sampling trips (i: 7-23)
allow comparison of the effects at the five locations (l: 1-5). Comparison
of the goodness of fit of the data to these models allows conclusions regard-
ing the time- and location-dependence of the effects to be reached.

In order to determine if the time-averaged effects at the various locations
differ, the simplest model in which the effect is invariant (I) should be
compared with that in which the effect is dependent on location only (II);
P¡ represents the total contribution of upwind sources to the mutagenicity of
the aerosol at location j. However, if the variation of the effect of the
background aerosol with time is large, the contributions of local emissions
may be obscured. The comparison should then be between two models, in
one the effect is only dependent on time (i.e. there is a time-dependent
background L,, and no local contribution) (III) and in the other the effect
is dependent on both time and location (IV). This model assumes that the
contributions of local sources to the mutagenicity at the locations (P¡) are
additive to the background aerosol mutagenicity at that particular time
(.L¡). For possible interaction between location-dependent factors and time-
dependent factors, the additive model (IV) should be compared with the
simplest interaction model in which interaction itself is constant (c), but
the contribution due to interaction depends on L¡ and.P¡. By substantially
increasing the numbers of parameters, time (ø¡) and/or location (b¡)
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TABLE 1

SET OF MODELS OF INCREASING COMPLEXITY DESCRIBING THE EFFECTS OFTHE AEROSOL EXTRACTS

Model No. of
No. parameters

Description
of the effect

Equations
for the effecta

Constraint

t *E¡¡

r,i*
Lr+ Pi + tij

T2
il6
ilI 24
IV 28

v29
VI 32

Constant
Location specific
Time specific
Location and time
specific

vII 51
vilr 53

Constant interaction Li + pj * cL¡p¡ * l¡¡
Location specific Li + pj + Libj + ti¡interaction
Time specific interaction L¡ * p, * a,p, * F,,
Location and time L'í + ii + ì,i, + i'i,
specific interaction

aThe. value- ËrJ' represenüs the difference between the measured effect and the effectcalculated from the estimated parameters (L¡, p¡, etc.), These u"to", *" assumed üo berealizations of an independent random variåLle following a normal distribution withmean zero and unknown variance. The calculated variance ãf tn" ¡-o"tu"s for each modelcan be used to judge the goodness of fit of the experimentat dataio the model, and thusto compare the different models. There are five loãaüions (index j) 
""J 

zs- sampling times(index í). The location Rockanje is indicated with j: 1. The chosen constrainLs arearbitrary and only serve to define the estimation problem;i.e. determination of thefreeparameters,
bP, = 0r the contribution of sources at the first location (Rockanje) is zero.
"ór = 0: the sources at Rockanje are not involveã in the interaction.

dependent interaction can be included and model v can be compared withmodels vI or vII, and VI or vII with vIII to determine whether these
types of interactions increase the goodness of fit of the models significanfly.

comparison of the goodness of fit of the experimental data to the models
described above leads to the choice of the oþu*u* model of this series,i.e. the model that fits significanfly better than the simpler models. Thismodel can then be used to estimate the mean contribution of sources in the
area upwind of a location to the mutagenicity of the background aerosol
sampled upwind of those sources. This allowed us to make äpfimal use of
the set up of the study for calculating the contribution.
.- T|" values of parameters given in Table 1 were estimated according tothe least squares criterion from the effects measured. This criterion cotïes-ponds with the maximum likelihood criterion if the effects follow a normal
distribution with common variance. since the effects are maximum likelihood estimates themselves, their asymptotic distribution is indeed normal.
The assumption of a common variancã is a simplified one and should be
considered as a good approximation. For a general description of the maxi-
mum likelihood theory see Cox and Hinkley [2g].

Pl:ob

Pl =0
P1 = þ, :9c

Pr =0
Ptjbt=c+=O
2¡a! = 23
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RESULTS

The results of the Ames-tests for the 23 trips with south-westerly wind
are depicted in Fig. 2. This figure shows the clear dependence of the effect
on location. In nearly euery etcperitnent tlrre effect was greatest at Lekhaven
and smallest at Rockanje; the effects at Schiedam and Kralingen in nearly

Fig. 2. The mutagenicity of aerosol extracts in the Ames-test (standard deviations in
black). The results from the 23 sampling trips in the period March-November 1981 are
sho\ñ'n in order for each of the four test variants.
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every experiment had values between those at Lekhaven and Geulhaven. Therezults suggest a gadient exists from Rockanje via ceulÀaven and schiedamto Lekhaven; downwind of Lekhaven the effäct a""r"ur", 
"gãirr. 

The contri_butions of the emissions of the sources upwind of each locatiãn increase fromGeulhaven to Lekhaven. The differen"é bet*een Lekhaven and schiedam,which are quite close to each other, shows that the high effeci of the former
is to a great extent attributabre to sources in the immeäiate viclnity.

The influence of the wind direction on the effect is indicated by a com-parison of results from the 2B trips with south-*"rt"rly ñd with those
:{ thg other 12 trips (results not shown in detait). ouri"g--ort of thesetrips the wind was north-easterly, during the remainirrg it *", variable.To this end the mean effects were carcurated for each" location for thetwo groups of trips. The significance of the differences between the twomeans for each location was determined with the wilcoxon test.

The means and the levels of significance are given in Table 2. This tableshows consistent clear and significant differenceJ at ttre tfrree focations westof Lekhaven. Although the Rockanje rocation is separated from the Rijn-mond area by a relatively large rural area, the influence of the wind directionis very clear at this lo_cation. The strong contribution of the emissions inthe neighbourhood of Lekhaven is ilrustrated by the rrigh effects arso foundat this location during the other 12 trips.
The similarity of the results of the four variants of the Ames_test is astriking feature of Fig. 2. Although the effects with rA100 in the absenceof liver homogenate are smarler than those with the other variants, all fourvariants revealed the same trend with respect to variation in time and space.This is illustrated by the high correlatioi coefficients between resurts forvariant pairs given in Table 3. This table also shows tt"itl" 

""gles 
betweenthe first principar axi¡ and the abcissa generalry do not differ very muchfrom each other, indicating that the ,ri"un proportions of the Ames-testvariants is quite similar for the different locations. since the four variantshave different sensitivities for different classes of compounds, the magnitudeof the correlation is somehow a measure of the "o"rt*"í in ,mutagenic

composition' of the aerosol extract.
Two calibration experiments were canied out in order to investigatewhether the conerations are indeed high enough to suggest such constancy.An artificial mixture of mutagens andãn aerosol extract were tested severaltimes at different' randomry chosen, doses. The results are given in Fig. B;the experimental details are given in the legend to the fisurã. some of thecorrelation coefficients in 'Tabre B may indãed suggest 

" 
ãonrt"""y (resem_blance) in composition as far as the type of comp-o"unds,"rpã*iur" for themutagenicity is concerned.



TABLE 2

COMPARISON OF THE EFFECTS AT THE DIFFERENT LOCATIONS FOR TWO GROUPS OF EXPERIMENTS WITH DIFFERENT
PREVAILING WIND DIRECTIONE

test variant Loeaüion

-¡

Rockanje Geulhaven Schiedarn Lekhaven Kralingen

X^ XB p l¿. X; p x^ XB p xe, XB p ÍA tB p

TA98+b 3.7 r4.5 < 0.004 8.6 25.4 0.002 11.8 22.4 0.006 26.0 36.5 > 0.1 12.0 19.0 > 0.1
TA98- 5.3 !t.2 < 0.002 8.8 17.0 < 0.002 10.5 L7.4 0.04 21.J 22.6 > 0.1 13.1 15.9 0.49
TA100+ 3.6 r3.2 < 0.002 8.6 2t.4 < 0.002 tt.1 2]-.7 0.04 22.L 26.7 > 0.1 L2.4 17.9 0.29
TA10(F 2.4 7.O < 0.002 4.2 8.8 < 0.002 5.1 10.3 0.002 9.9 1-2.9 > 0.1 6.5 9.0 0.34

a.i¡ :-mean effect (revertants per m3) of the 23 trips with wind from sea; fs : mean effect of the other 12 trips; Ifs: Xg : X¡;H1:
Ãs ) XA,; Wilcoxon test.
oWitn 

1+¡ or n'ithout (-) S9-Aroclot ]-254.
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TABLE 3

THE CORRELATION IN TIME BETWEEN THE EFFECTS IN FOUR VARIANTS OFTHE AMES.TEST FOR THE 23 TRIPS WITH SOUTH-WESTERLY WÑD

Test pair Location

Rockanje Geulhaven Schiedam Lekhaven Kralingen
An
locations

TA98+S9
TA98-S9
TA'100+s9
TA10G-S9
TA98+S9
TA100+s9
TA98_S9
TA10G-S9

r^
p
r
p
r
p
r
p

0.89
.45

0.78
.23

0.90
.41

0.68
.18

0.91
.s8

0.92
.21

0.90
.42

0.85
.23

0.85
.,, I

0.82
.34

0.81
.41

0.86
.27

0.86
.41

0.88
.28

0.73
.35

0.95
.25

0.81
.38

0.86
.29

0.72
..43
0.87

.29

0.91

0.91

0.87

0.93

ar = correlation coefficient; p : angle between the first
variable in degtees.

principal axis and the first

re,"rTlonlsgq"t plale

l
I

I

0 100

m¡xlure of nulagens

Lekhaveh øetosol exltoals

Fig. 3. Corelation of the effect measured with the Ames test variants TASS with andwithout s9. Mixture of mutagens in dimethylsulphoxide: benzo(a)pyrene (ropgmlra);
3-methylcholanthrene 

__(100gg mr-r); B,4dimethylbenzoanthracenï rzo¡¡g -l:i j; t'-nitrofluorene (5 pg ml-¡); 2,4,7-trinitrofruorenone (0,1pg mr-r ¡; 2.nitronaphthalene(20¡rgml-r). Highest dose 70¡rl per plate. Mixture of Lekhaven aerosol extracts: the
extracts of three Lekhaven aerosols (in dimethylsulphoxide) were pooled, highest dose
70 ttl (7 *3 ¡ p". plate. Each point represents ühå mean of a triplicate test; the tests were
carried out on different dates. Metabolic activation by sg-mix wittr sg Aroclor 1254.

_:___Ì retreîlØls per pla¡e
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ANALYSIS OF THE DATA \ryITH THE MATHEMATICAL MODELS

The goodness of fit of the models clescribed in Table 1 for the different
variants of the Ames test are compared in Fig. 4. Under the hypothesis of
a particular model, any decrease on the ordinate (nlno2 ) is asymptotically
chisquare distributed with a number of degrees of freedom equal to the

€ number olpotomelers
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TA 100 + S9

- 

ñumherolparometers

Fig' 4. The dependence of the goodness of fit on the selected model. The product ofthe number of measured effects,and the logarithm of the estimat"a u"ri"rrl"'ip:ï;
y*31"." o-f {,;) is plotted against the number ãf parameters for the eight models describedin Table 1. Comparable models are connected. The number of effãch measured in theAmes tests using TASS + s9, TA98 - s9, TA100 + s9, TA100 

jsg *"r, ro4, 105, 106and 104, respectively.
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increase on the abscissa on the basis of the likelihood ratio theory. Models
which may validly be compared on this basis are shown connected in Fig. 4.
The slopes of the connecting Iines therefore indicate the significance of the
increase in goodness of fit between the two models. As the number of
measured effects is only about twice the number of parameters of the most
complex model (VilI), the figure only gives a rough indication of the increase
in goodness of fit for the complex models. The results shown in Fig. 4
indicate that:
- a very similar pattern of increase in goodness of fit is shown by the four

Ames-test variants

- The mean effect is clearly location dependent

- the variation between the different locations is larger than the variation
between the different sampling times

'- compared with an addition of the effects of the background and the
emitted aerosol, the models which include interactions give significantly
better fits

'- there are indications that the interaction is both time and location
dependent.

TABLE 4
ESTIMATED MEAN INCREASES IN AEROSOL MUTAGENICITY (revertants/m3 )
ABOVE BACKGROUND (ROCKANJE) LEVELS DUE TO THE LOCAL EMISSIONS

Ames test Model No. Location

Geulhaven Schiedam Lekhaven Kralingen

TA 98
with 59

TA 98
without 59

TA 1OO

with 59

TA 1OO
withouü S9

IV
v
VI
vII
vnI

5.4
4.7
4.4
5.1
5.1

4.7
4.7
3.8
3.6
3.4

6.3
6.3
6.9
6.3
5.3

2.4
2.4
2.8
2.4
2.2

8.2
7.5
6.6
8.2
8.3

5.7
7.5
5.6
5.5
5.6

8.8
8.4
9.5
8.5
8.6

9.2
3.1
3.4
3.2
3.2

23.9
26.8
25.9
25.9
36.2

77.5
25.6
19.4
19.6
L7.7

2t.o
2t.5
22.3
2L.7
20.1

9.1
10.1
10.8
70.2
13.8

8.5
8.3
7.9
8.8

to.2

8.0
8.2
7.2
7.8
7.9

9.3
8.4

10.1
9.0
9.2

4.2
3.9
4.1
4.3
4.2

IV
v
VI
vII
vilr
IV
v
VI
vII
vIIr

IV
v
VI
vII
vilI
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_ A summary of the estimates (mean) for the time-dependent parameters
for models Iv-vIII is given in Tabre 4. Model v is the ãptimum model for
calculating the contribu-tion, because application of morä complex models
does not lead to a significant improvernãnt in the goodness of fit. Trre taule
shows that the estimated mean contributions dã not differ very much
between the different models.

Part, or all, of the contributions of interactions'to the total effect, could
be attributable, not to actual interactions affecting the intrinsic mutagenicityof the aerosol, but to the experimental design õr *t" study. simultaneous
sampling, extraction and testing might lead to an artificial variance with
time which is equal for all locations and which could result in a better fit
of the data to the models with interaction.

To gai4 an impression of the contribution of any such artificial inter-
test variation to the interaction, two model mutagens: furazolidone (orpha-
hell, Mijdrecht, The Netherlands, without sg) and benzo(ø)pyrene (sigma,
with s9) were tested in about hatf of the Ames tests carried'out.

As shown in Table 5, the inter-test variation with these compounds was
rather large. The effects of the compounds did not correlate sþnificanfly with
the effects of the aerosol e-xtracts (highest conelation coefficient 0.44imeanof absolute coefficient 0.24) except for the effects measured at Lekhavenwith those of benzo(c)pyrene (strain TAgg u¡ith sg; 0.51, p ( 0.05 and
strain T4100 with s9; 0.6?, p ( 0.01). so a weak eitect or'trre inter-test
variation as measured with the model mutagens could only be observed at
the Lekhaven location.

TABLE 5

THE INTER-TEST VARIATION OF THE EFFECTS OF THE TI4'O MODEL COM.
PouNDs'

TA 98
with 59

TA 98
without 59

TA 1OO
with 59

TA 1OO
without 59

Xx x

Benzo(a)pyrene
5 ¡tglplate

Furazolidone
O.2¡tglplate
O.5 ¡tglplate

300 96 642 213

369 LO2

aX : mean of all experiments; S = standard deviation.

1300
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DISCUSSION

The results of this study give a clear impression of the increase of the
mutagenicity of the ambient aerosol due to emissions in an urban and
industrial area. Depending on the variant of the Ames test used, the mean
effect at the various locations ranges from 1.7 to 8.0 times the effect of
the aerosol (Table 2) sampled at the upwind coastal location, and the mean
contributions of local sources calculated with the simplest interactional
model ranges fuom 2.4 to 26.8 revertants per m3 (Tabte 4). A marked
variation in time was found at every location. When the wind was north-
easterly, the mean effects at the three western locations increased signifi-
cantly (Table 2), demonstrating the influences of the emissions when the
wind is in the opposite direction. The comparison of the goodness of fit of
the data to the different models shows: (1) that the effect is significantly
dependent on both location and time, a finding which is obvious from
Fíg.2; and (2) that the effects are significantly influenced by aninteraction
between factors dependent on both location (f ) and time (f). Close obser-
vation of the results presented in Fig. 2 already indicates such an interaction.
At every location and with every Ames-test variant the aerosols sampled in
the beginning or at the end of the study were more mutagenic than those
sampled in between. A number of explanations can be put forward for these
significant interactions

The design of the study implicates simultaneous sampling, extraction and
testing. It is improbable that the performance of the sampling or the extrac-
tion will show a variation comparable with that of the Ames test. The
possible magnitude of the inter-test variation is shown by the Ames-tests
with the model mutagens. The almost total lack of correlation between
the effects of the model mutagens and the aerosol extracts shows that the
time dependence of the effects of the aerosols is not only a result of the
inter-test variation as measured with the model mutagens.

Hoürever, we cannot exclude that the inter-test variation is (one of) the
explanation(s) for the interaction found, because the model describing
inter-test variation (¿r + 4)S,, in which S¡ is a term describing the sensitivity
of the Ames test, is formally equivalent to interactional model L¡ I P¡ I a¡P¡
(VII). Investigations into the type of inter-test variations shown by'aerosoi
extracts might lead to the possibility of adjusting the effects measured by
the simultaneous testing of appropriate aerosol extracts as 'model mutagens'.

If the interaction found is not (only) the result of inter-test variation, the
other possible factors are meteorological changes and seasonal variations in
the sources. Meteorological changes would result in a different upwind
aer'osol (air which has followed a different trajectory and contains contri-
butions from different sources) and possibly a different transformation
of compounds during their transport in the air, for instance due to photo-
chemical processes. such an interaction would be in line with the hypothesis
that conversion of polycyclic hydrocarbons and related compounds, such
as their substituted derivatives, influences the mutagenicity of aerosol
extracts [30-34] .
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A number of studies point to the possibility that the sampring technique
might result in such conversions [80-82,85-Bb]

The explanations so far a¡e all based on a time-dependent interaction. Apossible explanation for the interaction described by model v is synergismand antagonism as a result of testing together 
"o-po.rrrá, 

from aerosolparticles of different origin.
The results with the four va¡iants of the Ames-test are so similar that theydo not lead to different conclusions with respect to dependence of the effectof location and sampling time. This is illustiated very^well uy Figs. 2 arñ.4;the latter shows that the goodness of fit of the modäk is niaty dependenton the variant. some of the correration coefficients may even zuggest aresemblance in 'mutagenic composition' of the aerosol 

"*tr""tr.consideration of the results reported in ttre literature ,ho*, that theproportions between the effects measured with and witrrout sg-fractioncan be quite different from those reported here; trre intruenãe of sg rangesfrom clear deactivation to no infruence at all to clear activation [1-4,10,11,76,24,261. Dehnen et ar. l24l show that in two industrial towns in Germanya clear activation is found in winter months, while the sg h;; no effect insummer or in a non-residential area. These and other studies clàarty indicatethat the sg-influence depends on sources and meteororogil"l-"orrditions. Inthe- present study the influence of these factors does not result in cleardifferences, which suggests a rerative constancy in the sources responsible forthe mutagens in the aerosol and in the meteorologicar conditions. Meteoro_logical conditions were made more or ress similar Ëv r"le"ting irips with onewind direction; furthermoïe none of the experiments *"r" 
"L"r""terized byphotochemical air pollution, which is relevant insofar as such conditionsresult in enhanced concenhations of the reactive gases as ñol-""a 03 whichare implicated in the. conversion of porycyclic aromatiá hydrocarbons

[3O-34] . A similarity in sources would 
-b" 

.,rr"*p""ted since a diverse seriesof sources is responsible for the air pollution in thà area.
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ABSTRACT

The concentrations of15 polycyclic aromatic hydrocarbons (PAII) were deterrnined in ambientair particles sampled at fou¡ sites in an urban ani industrialized area in The Netherlands, and atone, site near the coast (generally upwind). The contributions of sources in the a¡ea to thebackground concentrations as measured at the coastal site, were investigatãd. rie temporal andspatial variation ofthe PAH proñle, i.e. the relative concentrations ofthe l5 individual pAH, werealso investigated. Variation ofthe PAH profile was predominantly determined by volatility. Thevariation ofthe profile ofthe less'volaüile PAH was small compared with the variátion these pAH
had in common. Slight indications for the influence of differing sources and chemical conversionon the profile were found. The role of chemical conversion *". r.tgg""t"á tt a linkage of thevariation of the profile with differe¡ces in reactivity between tle Þiu. Thå similarity of theprofiles at the background coastal site and at the sites influenced by local rou""ã, was striking.The PAH concentrations showed weak-to-moderate correlations with mutagenicity. The cor-relations increased if the results of samples taken during periods with wind f¡om one sector wereconsidered.

INTRODUCTION

since polycyclic aromatic hydrocarbons (pAH) were first identified as car-cinogenic constituents of soot and tar, many studies have considered thepresence of these compounds in the ambient air, and the processes, such aschemical conversion, volatilization and condensation, ãehrmining their
presence and fate [1-4]. Many laboratory studies have demonstrated th;t pAH
can readily react with gaseous air constituents and that these reactions are
often ph_oto-chemically catalysed t5-141. The finding that pAH derivatives and
especially the nitrated derivatives can be very potent mutagens has led to
increased interest in these conversion processes ánd their pràãucts [15-1s].The initial reason for interest in pAH in ambient air pårticles 1thei" cã"-
cinogenicity) has thus.been supplemented by another, and pìssibry more impor-
tant one, i.e. the possibility that pAH are precursors of mutagenic derivatives

0048-9697/87/903.50 @ t98Z Elsevier Science publishers B.V.
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ofhigher potency than the parent compounds. It has clea¡ly been shown that
PAH contribute only a part, and probably only a small part, of the mutagenic-
ity of ambient air. The mutagenicity of extracts of ambient air particles is to
a great extent independent of mammalian metabolic activation, which is
necessary for the expression of the mutagenicity of unsubstituted PAH;
furthermore, these so-called direct (activation independent) mutagens depend
for the expression of their effect on enzymatic nitroreduction, suggesting that
they are indeed nitrated compounds [19-26]. The presence ofnitrated and other
substituted PAH in ambient air could possibly explain the mutagenic effects of
the air 115, 27-321. As (mutagenic) PAH derivatives have also been demon-
strated in important combustion emissions such as motor vehicle exhaust, the
contribution of conversion of PAH during atmospheric residence remains
uncleâr 133-421.

The investigation of PAH conversion processes in the ambient air is com-
plicated by the fact that several studies point to the possibility that the samp-
ling techniques for airborne particles may result in PAH conversion [43-49]
thus leading to artifacts.

In addition to conversion, volatilization and condensation play an impor-
tant role in determining PAH levels in ambient air. These processes may
strongly influence the distribution of the PAH and their chemical reactivity. A
PAH molecule adsorbed on a particle will undergo other reactions than one
present in the vapour phase. Furthermore, it has been shown that PAH with
less than five rings are only incompletely sampled with the high volume
filtration technique that has been used almost exclusively until now [50-53].

It is to be expected that processes such as conversion, volatilization and
condensation will influence the relative concentrations of the PAH species
(referred to here as the "PAH profile") in ambient air particles sampled by
filtration. Varying meteorological conditions could affect the distribution
between the vapour and the particulate phases before or during sampling; this,
together with variations in the concentrations of the reactive gaseous air
constituents, could affect the extent of conversion in the air before, and possi-

bly also during, sampling. Such variations would lead to changes in the rela-
tive concentrations of PAH in the sampled air particles. These changes would
be observable if variations in source pattern and the common variation of the
PAH were not too great.

In the present study the temporal and spatial dependence ofthe PAH profile
of particles sampled by filtration were investigated, to establish the extent to
which the profile is determined by processes such as conversion, condensation
and volatilization. The concentrations of 15 PAH were determined 12 times at
four sites in the industrialized and urban Rijnmond area of The Netherlands
and at one site near the Dutch coast. The samples were part of a set of samples
which has been tested for mutagenicity in an earlier investigation [5a].
Therefore correlation between mutagenicity and PAH concentration was also
investigated in the present study.
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MATERIALS AND METHODS

Sømpling sites ønd time sched,ule

The particulate fraction of ambient air was sampled at four sites in the urban
and industrialized Rijnmond area in the western part of rhe Netherìands, andat one site near the coast; the sampring sites are indicated in Fig. 1. sampling
was carried out simultaneously on 12 separate occasions at ihe nrre .iter]malfunctioning of the samplers resulted in tne ross of six samples, reaving atotal of 54 usable samples.

The coastal site (Oostvoorne) lies landward ofthe coastal dunes in a residen-tial rural area. when winds are from the southwest (the prevailing direction)
the aerosol sampled at the four other sites can be extlecteà to be influenced by
emissions from urban sources (schiedam and Kraringen) and/or (petrochemi-
cal) industrial sources and harbours (Lekhaver, rrrã Geulhaven). sampling
altitudes were 2m for oostvoorne, about BOm for schiedam, about 50m forLekhaven and about 25m for Kralingen.

wind speed and direction data were suppried by the Royal Dutch Meteo-rological Institute for the weather stations indicat"ã ir, trig. r. tne meteorologi-
cal data are summârized in Table 1. Information suppliJd by the rnstitute ofPublic Health and Environmental Hygiene revealed lt at rrorre of the sampringtrips were characterized by enhanced oxidant (No, + or) concentrations
( > 100 pbb), which indicates low Ìevers of photocùe*í"¡ u¡ poilution. sam-pling started between g and 11 a.m. and lasted for 24h. The minimum overlapin time for the five samples was 22h.

Fig. 1. The Rijnmond area; location of the sampling sites (o) and the weather stations (M).



TABLE 1

Summary of wind direction" and wind speed datab

æè

Wind direction Wind
speed

NNE NE ENE ESE SE SSE SSW SW wsw w wNw NW NNW Tvpe"

B 3.3 1.7
A 5.5 2.0
A 9.4 2.7
B 6.0 2.0
B 5.5 2.3
A 5.6 1.9
A 4.3 1.9
B 3.1 1.6
A 6.6 2.3
A 9.2 2.t
A 8.9 1.8
A 11.8 2.0
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L7236
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58737
21312
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1926115
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33 24

34
T7

I
3

15
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" Wind direction: the 72-h means (Iast 10 min of each hour) of the three stations were grouped into the 16 sectors of the compass for each of the 12

sampling trips.
b Wind speed: the mean and standard deviation of the 72-h means of the three stations for each sampling trip were calculated.
" Type : type ofsampling trip: (A) wind predominantly from southwest to west; (B) wind from other directions.
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Sarnpling technique

The particles were collected with sartorius HV100 ,,staubsammergeräte,,
(high-volume samplers) on sartorius sM1B400 grass fibre filters, (Q : 25.7 cm).
The flow rate was 100mah-1 and the samplers were all calibrated with the sameflowmeter (Brooks Instruments). The méan hnear air speed th"or.gl, the filter
was 0.535ms-t. The filters were extracted with methanll for 24h in a soxhlet
apparatus before being used for sampling. The filters laden with particles weredivided into two parts [- g0% (bv weighi) for mutagenicity testiig and - 10%for PAH analysis] and stored at - gOoc. The exact proportion of the parts was
determ.ined by weighing after dividing the filters.

Extraction

The extracts for mutagenicity testing were prepared within a few weeksafter sampling. The filters were sequentìally 
"*ì"uãt"d *itt rii*t methanol(Rathburn, HPLC-grade) and 1z5ml cvcloúexa"" (Nunogrããui ø" 8h in asoxhlet apparatus. The extracts for pAFi anarysis_wer" pr"iu."J 2.5 years aftersampling (stored at - 80oc in the dark) and in this case'oniy-"y.tot 

"*.ne 
wasused as a solvent because preriminary experiments had revealed that thissolvent had an extraction efficiency for benzo[ø]pyrene 

"o*p".*bl" 
to that ofmethanol. Furthermore, the use of cyclohexane excruded polar compoundswhich would possibly interfere with thl PAH analysis. n*tialtion was carried.out in a nitrogen atmosphere. The sorvents were evaporated with a rotaryevaporator at 30oc under reduced pressure. The two extiacts for mutagenicitytesting were combined before solvent evaporation; the residues rrüere dissolvedin dimethyl sulphoxide (Merck, A.R.; the residue of sooÀi air per mt). Theresidue of the extract for pAH anarysis was dissorved in a 1:1vol. mixture ofmethanol and acetone (Rathburn, grass distilled; the residue of 2¿0ms;";;ù:

PAH ønøIysis

The concentrations of the 15 pAH listed in Table 2 were determined byreversed phase high performance riquid chromatography. The corumn waseluted with a methanol/water gradient ranging rroÃ zì.s to 100% methanol;detection was based on fluorescence of the compounds (excitation at 250nm;emission > 389m). For identification and quantificátion the chromatograms
were compared with a chromatogram of a standard solution produced underidentical conditions on the same day. The detection limits are listed in Table2' The concentrations of dibenzo[ø, /]pyrene must be 

"egr"d"J 
a* ma*i-umpossible concentrations, as the peaks were not very clear. Because this com-pound is generally hardly detectabre with GC/MS iJ. Ni"rr"rr, f""rorr"l "o*-munication) the peak is probabry rargely the result of another ãompound.
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TABLE 2

PAH determined in the extrâcts

PAH Detection limit'
(ngm-t)

Anthracene
Fluoranthene
Pyrene
Benzo[ô]fluorene
Benz[ø]anthracene
Chrysene
Benzo[e]pyrene
Perylene
Benzo[ö]fluoranthene
Benzo[,b]fluoranthene
Benzo[o]pyrene
Dibenzo [¿ ;t] anthracene
Dibenzo[o,Ilpyrene
Indeno[1,2,3-cd]pyrene
Anthanthrene

< 0.01
< 0.01

0.04

0.06
0.02

0.04
0.08

< 0.01

0.01
< 0.01

0.01
0.04

0.03

0.02
0.01

'Detection limit is based on the extract derived from 240m3 air dissolved in 1ml acetone/methanol
(1:1 v/v).

Mutøgenicity testing

The mutagenicity of the dissolved residues was investigated in the Sal-
monella/microsome test developed by Ames and co-workers [55]. The strains
TA98 and T4100 were used. A liver homogenate (S9-fraction) from rats treated
with 500 mg kg- 1 Aroclor 1254 was used to allow determination of mutagenic
activity dependent on mammalian metabolism. Further details are given in ref.
54.

Statisticøl a.nelysis

The variation of the relative concentrations of the PAH was analysed using
the principal component analysis technique described in detail by Morrison
[56]. Principal components are in this case weighted sums of PAH concentra-
tions, the variance ofwhich indicates their linear interdependence. The degree
to which the variance is concentrated on one or a few principal components is
a measure of the strength of the linear interdependence of the concentrations.
Ifthe variance is equally divided over all principal components, then no linear
interdependence is present.

The correlation of a PAH concentration with a principal component shows
the contribution of this variable to the variance of that principal component,
so that the role of a particular PAH in certain patterns ofinterdependence can
be investigated.



TABLE 3

Mean concentrations of PAH (ngm-t)

Ë Ë * ËË- Ëu å.å Ë, g å Ë l ËT & E",ã4äËpsËËÈãiËEFÈåEåEEË ËË€EEAA6åÆAÆÆÊËEì

o
9õ
9i5
Ë€
ÉA

All experiments
oostvoorne t 0'03 0'93 0.60 0.2'r 0.40 1.08 0.59 0.08 r.z4 0.48 0.45 0.r1 0.5g 0.72 o.o7u 72'30 51'38 61.15 105.56 89.24 82.76 93.84 94.18 gt.22 87.78 87.80 96.29 82.02 85.02 87.93Geulhaven i 0'19 3'26 2.12 1.42 4.73 7.54 g.0z 0.61 6.89 2.24 2.55 o.BB 1.5r 2sg o.2zu 112'86 91'51 103.35 143'14 L76.47 169.53 167.05 t52.65 167.r4 L55.24 156.35 118.66 131.15. 142.83 tL2.64schiedam t 0'08 2.37 1.60 0.61 r.5z 2.85 L.zg o.2B 2.68 r.0g L.rz o.22 1.0g r.41 0.1au 68'19 78'63 87'65 84.13 81.15 72.98 68.82 75.04 81.61 79.44 æ.62 64.99 73.94 74.68 71.20Lekhaven t 0'10 2'ffi 2.og 0.83 2.oB g.5z 1.45 o.2g 2.Br 1.15 r.26 o.2g 1.19 r.5B 0.19u 4t|'18 65'65 74.æ u.77 8:ì.28 A,il 67.67 74.29 63.80 67.22 74.62 60.8? 61.09 61.3? s2.o2Kralingen t 0'09 2.20 1.88 1.05 1.27 2.58 r.a6 o.2g 2.27 0.89 1.r5 0.21 r.L2 1.40 o.2gu 118'28 45'16 76.07 161.03 71.68 53.66 82.03 6g.74 59.26 58.72 79.93 58.24 56.27 53.66 117.05

A experirnents
oostvoorne i o'o2 0.83 0.54 o.2o o.2B 0.95 0.58 0.05 r.zo o.45 0.82 0.09 0.5r 0.6? 0.05u 74'48 42'58 61.40 92.64 87-87 97.90 106.34 76.70 10?.50 103.?6 æ.42 95.18 g7.2(; r00.7r 56.54Geulhaven r o'14 1.84 1.18 0'51 0.97 r.g4 r.oz 0.19 1.95 o.77 0.Bz 0.1? 0.?g r.01 o.r2u L54'67 82'47 96-85 111.31 121.39 114.68 143.15 t27.67 123.91 119.34 127.æ t22.53 123.26 72(i.32 122.14schiedam t 0'09 2'æ 1.76 0.56 L-57 2.78 L.22 0.22 2.64 r.02 1.08 o.zL r.04 1.4f0 o.L2v 72'79 90'17 93.6? 108'14 90.9? 8?.96 82.76 90.6S 9?.66 g4.9g 104.61 76.59 87.Lg 88.95 EE.94Lekhaven t 0'11 2'97 2.20 0.78 2.ú 4.28 L.64 o.B2 B.BB r.B5 1.86 0.26 r.B4 r.7g 

'.rs

i : Mean concentration of a PAH (ngm-t); u : coefrcient of variation (i.e. 100 x standard deviation/i); see Table 1 for definition *O.r*",ments.
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RESULTS

The results of the PAH analysis are summarized in Table 3. The table reveals
clear temporal and spatial variation in PAH concentrations. The lowest con-
centrations are found at the coastal location Oostvoorne. The concentrations
found at Oostvoorne during the B experiments (for definition see Table 1),

which are not shown in detail, were generally only slightly higher than those
found during the A experiments; the mean concentrations of benz[ø]anthra-
cene, perylene, benzo[ø]pyrene and anthanthrene were however more signifi-
cantly elevated (0.64, 0.15, 0.71 and 0.11 ng m-B respectively). Oostvoorne can be
regarded as a background location during the A experiments in which onshore
winds do not pass any local sources of PAH before sampling. The differences
between the concentrations encountered at Oostvoorne and those at the other
sites give a clear indication of the extent to which local sources in the Rijn-
mond area contribute to the concentrations of PAH in the ambient air parti-
cles.

In the B-experiments a number of samples from the Geulhaven site show
much higher PAH concentrations than the other samples from that site. It is
clear that a local source near Geulhaven strongly contributes under the con-
ditions prevailing. No "abnormally" high concentrations were found at Geul-
haven during the A experiments; under these conditions the highest values are
found at Lekhaven.

Table 4 shows the mean relative PAH concentrations, i.e. the mean PAH
profile; the concentrations have been normalized to yield a sum of 100 for each
sample. In this way the influence of the samples is independent of the sum. This
normalization reveals a striking feature: the mean profiles are nearly identical
for all five locations. Differences in contribution of background sources and
local sources between the locations do not influence the mean PAH profile to
any great extent. The largest differences are found with benz[ø]anthracene. As
will be discussed below, close observation of Table 4 reveals differences which
suggest conversion of PAH. Although the mean PAH profile seems to be largely
independent of locøtion, it is possible that the PAH profile shows a clearer
temporøI dependence; this possibility was investigated with principal com-
ponents analysis. The results of this analysis are summarized in Tables 5 and 6.

Table 5 lists the variances ofthe first two principal components expressed as
percentage of total* variance. This table shows that the first principal com-
ponent contributes strongly to the total variance when the concentrations of
all experiments are analysed. Consideration of the A experiments alone results
in a slightly larger contribution of the first principal component. If this prin-
cipal component analysis is carried out for the data ofthe separate locations,
caution in interpreting the results is necessary because of the very small
number of samples involved. Selection of the A experiments markedly
increased the share of the first principal component in the variance at Kralin-
gen and Oostvoorne; changes in wind direction thus had a clear effect on the
PAH profile of these locations.

* Sum of the variances of all components,



TABLE 4

The mean PAH profiles

HSEg-3t Ë Ë åsËÈeEl-Þ!i å¡õâ:H
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13.3 7.3 1.1 15.5 6.1 5.8 1.3 6.9 9.3 1.010.1 36.6 43.0 24.4 r8.4 31.1 57.8 22.0 16.7 56.715.1 6.8 I.2 I4.7 5.4 5.2 0.9 5.0 6.9 0.728.6 32.4 51.0 27.4 14.0 47.5 74.4 30.9 28.2 63.215.7 7.t 1.3 14.2 5.6 6.0 r.2 5.8 8.0 0.816.0 22.9 24.7 11.9 9.2 24.0 L7.7 19.1 r2.7 33.815.5 6.8 1.3 13.1 5.3 5.8 1.1 5.6 7.6 0.920.7 26.6 24.8 2ß.3 20.7 25.4 33.5 10.7 15.9 52.474.5 7.3 1.3 13.1 5.1 6.2 1.2 6.5 8.1 1.119.7 39.5 25.4 27.1 23.5 32.4 18.5 20.g 19.0 5g.2

14.9 9.1
38.0 44.3

16.3 9.5
54.8 45.8
13.1 8.9
36.1 36.8
74.0 9.6
37.9 44.4
13.1 70.2
30.9 36.7

13.3 7.4 0.8 15.5 6.0 5.0 I.2 7 .2 9.3t2.4 38.6 36.8 27.3 19.1 24.7 52.8 25.2 1g.2L3.4 6.5 1.0 r3.5 5.3 4.6 0.9 5.4 6.915.7 34.3 65.6 20.2 r5.0 60.5 80.? 25.2 24.815.3 6.8 7.2 13.9 5.5 5.9 r.2 5.9 8.018.0 24.2 29.1 13.1 9.8 28.9 19.3 2L.5 14.316.6 6.2 1.3 13.0 5.2 5.6 1.0 5.4 7.216.8 29.O 33.4 16.7 17.4 35.5 22.O 11.0 11.615.3 7.0 L.2 r4.L 5.5 6.2 1.1 6.8 8.717.3 20.8 30.8 18.3 13.7 31.4 20.5 r4.4 8.9

16.1 10.0
40.5 42.8
19.1 11.1

50.0 32.9
13.6 9.7
39.9 35.6
13.8 10.3
44.4 39.4
t2.4 9.5
33.0 38.9

0.8
40.2

o.7
62.6
0.7

39.5

0.8
46.8

1.0

AII experiments
Oostvoorne i 0.5

u 46.t
Geulhaven r 0.8

u 8B.t
Schiedam i 0.5

u 66.1
Lekhaven t 0.6

u 72.0
Kralingen t 0.5

u 70.9

A experiments
Oostvoorne -r 0.4

u 50.1
Geulhaven t 1.0

u 85.6
Schiedam t 0.6

u 65.8
Lekhaven t 0.5

u 48.6
Kralingen i 0.4

u 30.7

3.0 4.9
50.2 34.7
4.6 7.5

57.5 59.1
3.3 8.3

42.6 27.8
4.t 8.5

47.t 39.7
4.7 7.t

rt4.4 32.3

2.8 4.2
50.4 27.4
4.9 5.6

63.0 54.0
3.0 8.6

46.9 27.4
3.7 9.3

5L.4 38.6
3.1 7.5

60.4 29.0 49.4 æ_\o
;;i'eät"iä"*flt"rt.lj]J-tï1lt',: coefficient of variation (i.e. r00 x stand.ard deviation/-); rhe concentrations oreach "r-o*""normalized such that the sum was lm.
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TABLE 5

Results of the principal component analysis; variance of the principal components

All experiments A experiments

N AII PAH Except four
volatile
PAH

N AII PAH Except four
volatile
PAH

All locations
Oostvoorne
Geulhaven
Schiedam
Lekhaven
Kralingen

I
78.1

81.8
81.6

90.3
70.7
68.4

IU
89.8 97.0
83.9 96.0
92.9 98.8
9ô.4 98.0
86.5 96.2
79.2 89.3

III
81.9 89.5

92.7 96.4
81.6 99.1
92.6 96.0
69.7 93.2
87.0 93.2

III
91.8 96.3
95.8 97.8
91.4 99.9
97.8 99.2
93.0 99.2
92.7 96.9

N : number ofsamples analysed;
I : variance offirst principal component expressed as percentâ.ge oftotal variance;
II : variance of first and second principal component expressed as percentage of total variance.

Table 6 shows the correlations of the PAH concentrations with the first
principal components. With the exception of anthanthrene, all higher mole-
cular weight PAH correlate very well with the first principal component. The
lower molecular weight PAH, anthracene, fluoranthene, pyrene and benzo[ô]-
fluorene, only show weak-to-moderate correlations with the first principal
component.

Table 5 also gives the results of an analysis in which the concentrations of
the four lower molecular weight PAH are excluded. These results confirm that
molecular weight and wind direction are the most important factors causing
variation of the PAH profile with time.

The results ofthe principal component analysis are apparently very strongly
determined by the changes of the concentration of the total set of higher
molecular weight PAH with time. This factor is so strong compared with othe¡s
that, besides wind direction, no other factors can be detected, even if they
would have a significant influence on the profile of these PAH.

The normalization procedure described above eliminates the common varia-
tion of the concentrations. It also introduces an interdependence among the
concentrations of the PAH because an increase in the relative concentration
of one necessarily implies a decrease of the concentrations of the others. The
larger the number of PAH considered, the smaller the chance that the nor-
malization procedure will lead to erroneous conclusions. Principal component
analysis were carried out on normalized concentrations of six PAH selected
because they strongly differ in sensitivity towards nitration [57]; However, to
minimize the interdependence, the normalization procedure was canied out for
øll 15 PAH. The results of this analysis for the complete set of samples showed
the following correlations with the first principal component (51.6% of the
total variance): - 0.65 for benzo[e]pyrene (not reactive), 0.61 for perylene
(reactive), - 0.81 for benzo[ö]fluoranthene (not reactive), - 0.69 for benzo[å]-

64
t2
10

11

I
L2

35
I
6

8
b

8

u
90.5

92.0
96.0

94.0
90.8
89-6



TABLE 6

Correlation of the PAH concentrations with the first principal components; all experiments

Location All loc. Oostvoorne Geulhaven Schiedam Lekhaven Kralingen

Variance, percentage of total
Anthracene
Fluoranthene
Pyrene
Benzo[å]fluorene
Benz[ø]anthracene
Chrysene
Benzo[e]pyrene
Perylene
Benzo[ó]fluoranthene
Benzo[å]fluoranthene
Benzo[ø]pyrene
Dibenzo [ø j] anthracene
Dibenzo[ø,{pyrene
Indeno [1,2,3-cd]pyrene
Anthanthrene

?8.1

0.63
0.77
0.66
0.80
0.95
0.95
0.94
o.97
0.95
0.96

0.97
0.97

0.96
0.9?

0.66

81.8

0.87
0.87
0.91
0.87
0.95
0.96
0.88

0.87
0.92
0.95

0.95
0.95
0.93

0.95
0.71

81.6
0.57
0.76
0.63
0.95
0.96
0.96
0.95

0.99
0.96
0.97

0.98
0.98
0.97

0.98
0.79

90.3
0.77

0.91
0.87
0.93
0.96
0.99
0.96
0.98
0.99

0.99
0.98
0.98

0.98
0.99
0.93

70.7

0.68
0.57
o.62
0.48
0.93
0.98
0.95
0.92
0.93
0.94

0.92
0.89
0.99

0.98
0.57

68.4

0.44

0.83
0.86
0.47
0.90
0.95
0.62
0.95

0.78
0.82
0.93
0.94

0.93
0.91
0.84

\o
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fluoranthene (not reactive), 0.68 for benzo[ø]pyrene (reactive), and 0.g4 for
anthanthrene (reactive). similar results were obtained with the data of the
separate sites. The three reactive PAH tend to behave as one group, and the
three non-reactive PAH as another group. In some cases the two groups cor-
related with different principal components. This can be attributed to a smaller
influence of the weighing procedure giving rise to larger differences in total
concentration between the samples for the six PAH; this again leads to higher
correlations due to day-to-day variation.

These results suggest that variation of the PAH profile ¡eflects differences
in reactivity among the PAH, resulting from time-dependent chemical conver-
sion. The interdependence introduced by the normalization procedure does,
however, demand cautious evaluation of the results; furthermore, the influence
of differences in source patterns cannot be excluded. The weakness of the
correlation of anthanthrene with the first principal components, shown in
Table 6, may also be an indication of conversion of this very reactive pAH.
However, the low concentration of this PAH could introduce an extra source
of variation.

It must be pointed out that alt the results presented originated from the,
principal components analysis with the correlation matrix. Analysis with the
co-variance matrix gave comparable results, although in this case the share of
the first principal eomponent of the total variances was even larger. The
calculation of the correlation between mutagenicity and PAH concentrations
was restricted to the PAH showing a high correlation (>0.9) with the first
principal component, i.e. the PAH whose concentrations were most strongly
determined by the day-to-day variation of the total set of high-molecular weight
PAH. In this case the results of the analysis with the co-variance matrix were
used.

some of the results of the calculation of the correlation between mutagen-
icity and PAH concentrations are shown in Table 7. when all experiments are
considered the correlations are weak. Restriction to the A experiment in-
creases the correlation markedly; in the case of TASS a value of r : 0.?8 is
found. when the results are considered per location, even higher correlations

TABLE 7

Correlation between PAH concentration and mutagenicity

N Samples N
PAH

TA98+ TA98_ T4100+ T4100-

SrXrSrXrSrXrSrXr

Allexperiments 54(T498+:50)
Aexperiments 35(T498+:32)

0.31 0.06
0.61 0.07

10 0.43 0.06
6 0.78 0.04

0.4t 0.07
0.56 0.09

0.37 0.04
0.59 0.03

N samples : number of samples; N PAH : number of PAH (correlation with the first principal
component: > 0.9); .Ír : mean correlation coeftcient; Sr : standard deviation of Xr.
AII correlation coefficients were significantly different from zero (p < 0.05).
T4100+,-; TA98+,- : strain with (+) or without (-) S9 fraction.
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are sometimes found, although these are not very significant because of the low
number of samples considered.

DISCUSSION

The results of this study give a clear impression of the variation in the pAH
composition of airborne particles in an industrialized and urban area. They
show the contribution oflocal sources to the pAH load ofthe particles and thevariation ofthe PAH profile ofthe particles. The results listed in Table B reveal
the significant increase of the pAH load between the background site oost_voorne and the other sites. The contribution shows u 

"l"uripuiial, temporarand PAH dependence.
The variation of the PAH profile was investigated in two different ways: the

spatial variation using the mean profiles (Table a; i.e. proportion of means after
normalization) and the temporal variation using prinãipál 

"o*po.r"nt analysis(with real and normalized concentrations). Both methoás sho*ihe pAtI prãfile
to be fairly constant. The mean profiles are quite similar arrd fiirrcipaì com-
ponent analysis shows the first principal component to contribute a large partto the total variance. This linkage of the Þerr i, not surprising, since all
compounds predominantly originate from one group ofanthråpogenic sources,i.e. the combustion of fossil and organic ruãts. itre strong ti-me_dependent
linkage shows that the common variation of the pAH i, -rr"iig;"ter than thevariation of the PAH profile.

Voløtility

The dominance of the common variation of pAH is restricted to 11 of the 15
PAH considered. The others (see Table 6) often show a much lower correlation
with the first principal component. The most probable explanation for the
"deviating" behaviour of these four pAH is the iact that thrv are present to a
significant extent as vapour in the ambient air. This type of ãccurrence yields
an extra source ofvariation because it can be expected that the vapour-solid.
ratio will depend on temperature and on the ug" ãfthu particles. Itis possible
that a stable vapour-solid ratio be reached itt u' air mass free of recent
emissions, while this ratio will fluctuate in air sampled immediately downwind
of the source. Furthermore, it has been shown that sampling itself influences
the vapour-solid ratio due to the formation of a low p""rrrrÃ under the filter
which causes an artifactual evaporation [4g, 5gl. Th; vapour-solid ratio has
been determined in a number of studies, and these studies ajl show that the four
"deviating" PAH are to a large extent present in the vapour phase [50-58].

In a recent study by one ofthe present authors, the HpLC analysis technique
used here was used to compare the pAH concentrations in particies sampled on
a6lter and in the organics adsorbed. on polyurethane foam downstream of the
filter. About 90o/o of pyrene was shown to be present in the vapour phase [58].
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Chrysene was the most volatile PAH which was collected (almost) totally in the
particulate phase. The extraction procedure used possibly implies an extra loss
of the more volatile PAH. In any case this study confirms the conclusion of
other studies that high volume sampling with a glass fibre filter is only useful
for the analysis of PAH wiùh more than four rings, and the less volatile
four-ring PAH, such as chrysene and benz[ø]anthracene. In some principal
component analyses even the concentrations of the four volatile compounds
show a good correlation with the first principal component. This was the case
at Schiedam and Oostvoorne, especially when the wind direction was south-
west. This might indicate that the vapour-solid ratio was not greatly influ-
enced by local sources in these cases. When the concentrations of the four
volatile PAH were omitted from the principal components analysis, the share
of the first principal component in the total variance did, however, increase
dramatically at Lekhaven, Kralingen and Geulhaven, suggesting that the
presence of local sources did have a strong infl.uence on the vapour-solid ratio
at these sites. The variation implied by the volatility of the four PAH hinders
the identification of other factors possibly influencing their profile. For this,
the sampling of the particles by filtration would have to be supplemented by
sorption-sampling of the volatile components passing the filter (for instance
with polyurethane foam).

Source pattern ønd conuersion

Considering only the 11 PAH which are totally collected on the filter, Table
5 shows that the variation of the profile at the Oostvoorne and Kralingen sites
is markedly lower when the A experiments are selected. To a lesser extent this
is also the case at Lekhaven. Selection of the A experiments did not reduce the
variation at Geulhaven or Schiedam. Oostvoorne and Kralingen are on the
borders of the area under investigation. At Oostvoorne a change in wind
direction results in a change in sample from background particles from over
the sea to particles originating from the urban and industrial areas nearby.
This shift clearly influences the PAH profile. The B experiments can be regar-
ded as the background experiments for Kralingen because the local sources lie
to the west of this site.

Two factors could explain the differences: contribution of emissions with a
different PAH profile, or chemical conversion of PAH. The latter factor would
then be related to the age of the particles, to the differences in meteorological
conditions linked with different wind directions, or to differences in concentra-
tions of reactive gaseous air constituents. It is difficult to distinguish the
influences of these two factors.

The possible role of differences in reactivity in the variation of the PAH
profile can be investigated in laboratory experiments. The results of Nielsen
[57] indicate that conversions should result in a decrease in the concentration
of anthanthrene, benzo[ø]pyrene and perylene (compounds highly susceptible
to nitration) compared with those of benzo[e]pyrene, benzo[b]fluoranthene and
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benzo[å]fluoranthene. The principar component analysis with the normalized
concentrations indeed suggests that conversion takes place at all sites. Fur-
thermore, if the mean PAH profile of those six pAH is studied, it appears that
the ratio of reactive to unreactive compounds increases in the A experiments
from oostvoorne eastwards, suggesting that the longer residence time in the
air of the particles sampled at Oostvoorne results in an increased. conversion.
The mean profiles for these six PAH with the largest differences in reactivity
are given in Table 8.

comparison of the results from the two sets of experiments also suggests a
larger share of the more reactive pAH at Geulhavãn and oostvoorne when
locally emitted particles predominate. Although it is possible that these shifts
in the PAH profile result from differences in source pattern, the authors regard
the linkage between these shifts and differen""r ln reactivity to be str=ong
enough to suggest that conversion takes place.

conversion of PAH does not only take place in the ambient air; a number of
studies have clearly indicated that high volume filtration of airborne particles
leads to an artifactual conversion. on the basis of the results of the present
study it is not possible to distinguish between conversion in the áir and
conversion during sampling. However, it is unlikely that differences between
the PAH profiles at the different sites are a result oi artifactual conversion as
the samples of each experiment were taken simultaneously and thus under
nearly identical meteorological conditions. If the inter-sitã variation was a
result ofsampling artefacts, then higher concentrations ofreactive gaseous air
constituents such as ozone and nitrogen oxides would have to be present in the
air at oostvoorne, which is unlikely. It is tempting to conclude t'hat the slight
difference between oostvoorne and the other sites is the result of the lonler
residence time in the air of the particles collected at this first site.

_ 
During this study the meteorological conditions did not give rise to strong

photochemical air pollution; this is demonstrated by the iow oxidant levels
measured. Levels of ozone, in particular, can thus be much higher than was the

TABLE 8

Mean profiles of the three least reactive and the three moet reactive pAH in the A experiments

Benzo[e]- perylene Benzolål-
pyrene fluoranthene fluoranthene pyrene

Oostvoorne I
il

Schiedam I
II

Kralingen I
II

20.2
too
r9.8
19.4
19.9

r9.6

2.6

1.9
qo

1.9

3.0
2.8

16.8
17.0
76.2

t6.2
t5.7
15.8

2.4 43.1
1.9 45.3
3.7 40.9
3.5 41.9
3.6 40.1
5.3 40.9

15.0

t2.t
t7.t
L7.7

17.7
t7.6

I : Mean proportion (ae calculated in Table 4, i.e. the concentrations of each sample were
normalized such that the sum was 100).

II : Proportions of the mean (proportion of means of the real concentration times 100).
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case during this study. The incorporation of samples taken during periods with,
enhanced oxidant levels should form an interesting extension of the current
work.

Influence of method,s

The influence ofthe methods (especially extraction and analysis) used on the
results of the principal component analysis forms an important point of dis-
cussion. The PAH concentrations in any one sample were all analysed with one
single chromatogram. Day-to-day variation in sensitivity of detection could
lead to enhancement of the variance of the first principal component. The
authors consider this artefact to be unimportant, since every analysis was
calibrated with a chromatogram of a standard mixture of PAH.

Extraction and solvent evaporation may lead to conversion of the PAH
during sample preparation and thus invalidate conclusions concerning conver-
sion during residence in the air. One of the present authors (W.K. de Raat) has
carried out experiments in which filters impregnated with benzo[ø]pyrene were
extracted, and the benzo[ø]pyrene concentration of the extracts determined.
No indications for conversion were found.

Relation between PAH concentrøtions and rnutøgenicity

The strong mutagenicity of many substituted (especially nitro) PAH present
in the ambient aerosol indicates that these compounds may well give rise to the
major part of the mutagenicity. A possible relation between PAH concentra-
tion and mutagenicity must therefore be based on the formation of substituted
PAH from PAH, especially as PAH themselves contribute only a minor part.

This substitution might occur prior to emission as many studies have demon-
strated the presence of substituted PAH in emissions. Additional substitution
might occur during residence of the PAH in the air or on the filter during
sampling. Correlation between PAH concentrations and mutagenicity will be
weaker if the proportions between PAH and mutagenic derivatives vary be-
cause of varying emissions or because of time- or site-dependent conversion in
the air or during sampling. It can be expected that samples taken in an area
with one dominating source, and during periods with comparable meteorologi-
cal conditions, will show high correlations. The present study shows weak to
moderate correlations indicating the influence of varying sources and/or con-
version in the air. The correlations increase when only the A experiments are
considered, indicating a reduced variation in source pattern and meteorologi-
cal conditions. It must be pointed out that the mutagenicity of ihe pAH
derivatives is often so high that conversions which hardly change the pAH
concentration could lead to marked increases of the mutagenicity. Another
factor disturbing the hypothesized correlation between PAH and mutagenicity
could be further conversion of the PAH derivatives themselves. Furthermore,
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it can be expected that the Ames test shows a stronger inherent variation thanthe PAH analysis.

CONCLUSIONS

. Th" present study demonstrates the contribution of an urban and industrial-
ized area to the concentration of a number of pAH in tne paiticurate fractionof ambient air. The variation of the pAH profire with time and space waspredominantly a consequence of volatility or tnu pAH. The uu"i.tio' of theprofile of the less volatile pAH was very small compared with their commonvariation. slight indications were found for the influénce ofsource pattern and
conversion of PAH. The PAH concentrations correlated weakly to moderately
with mutagenicity and this correlation was lowered uy 

"uiiutiàr, of sources
and/or conversion.
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ABSTRACT

The mutagenicity of ambient air particles in the Ames test was investigated during episodes

with moderate photochemical air pollution. The particles were sampled on 11 occasions, each

consisting of at least four sampling periods of 3 h during the day and one period of not more than
12h during the following night. During the last 4 days, sampling was carried out at three locations,
which allowed observation of the contribution from local sources (traffic in a town and on a

motorway) to the mutageniciiy.
The local sources caused an increase in the indirect (S9-dependent) mutagenicity; the direct

mutagenicity was not significantly affected. The particles sampled upwind dominated the mut-
agenicity in the area; in contrast to the locally emitted particles, their effects decreased in the
presence of S9 fraction. This difference may indicate a qualitative change in the mutagenicity
during the residence of the particles in the air.

The direct mutagenicity depended very much on bacterial nitro reduction, as was demonstrated
by using strain TA98NR; the effect in this strain was substantially increased in the presence of 59

fraction. This increase shows that, in the presence of S9 fraction, the effect in the TA98 strain is

to a great extent the result of indirect mutagens and not only the result of partially deactivaled
direct mutagens.

No typical quantitative or qualitative diurnal variation could be demonstrated. This is most
probably due to the overwhelming influence of long-range transported mutagens which had
already undergone maximum conversion during their residence in the air.

Multivariate analysis of the effects and concentrations of gaseous pollutants indicated a rather
strong link between mutagenicity and SOr, which confirms the important contribution of long-
range transported mutagenicity.

INTRODUCTION

Ma4y studies (Dpbnen et al., 1977; Pitts et al.,Ig77i Talcott and $ei, |917;
Tokiwa et al., 1977; Commoner et al., 1978; Teranishi et al., 1978; Møller and
Alfheim, 1980) have demonstrated that ambient air particles contain mutagenic
compounds, which largely originate from the emission of combustion
processes. Extracts of particles present in flue gases from oil, wood, coal and
municipal waste combustion, and in the exhaust gases of diesel and gasoline
engines, are all mutagenic (Löfroth, 1978; Lewtas, 1982; Ramdahl et al., 1982a;

004&9697/88/$03.50 @ 1988 Elsevier Science Publishers B'V.
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claxton, 1983; Gorse et al., 1g8B; Li et al., 19gB; Møller and Alfheim, 19gB; pani
et al., 1983). Both ambient air particles and particles from combustion
emissions contain polycyclic aromatic hydrocarbons (pAH) and oxygenated
and nitrated PAH derivatives, compounds which are considered to berespons-
ible for the major part of the mutagenicity (Bjørseth et al., lg7g; Gibson ,-rgg2;
Ramdahl et al., 1982b; schuetzle et al., 1g82; Xu et al., 19g2; Hanson et al., lgg3;
Harris et al., 1984; Nielsen et al., 1g84; Mast et al., 1gg4). The nitrated pAH,
particularly, appear to be very mutagenic, at least when they are examined
using bacterial test systems (Rosenkranz and Mermelstein, 19gB). To date, no
important sources of mutagens in ambient air particles, other than combustion
processes, have been identified.

The fate of PAH after emission has been studied intensively. Several studies
have clearly demonstrated that, in the laboratory, pAH can undergo chemical
conversion upon exposure to reactive air constituents such as ozone and
nitrogen oxides (Falk et al., 1956; Pitts et al., 192g, 19g0; Fox and olive, 1929;
Jäger and Hanus, 1980; Butler and crossley, 1gg1; Nielsen et aì., 19gB; pitts,
1983; Miquel, 1984; Nielsen, 1g84; van vaeck and van cauwenberghe, 1gg4). A
recent study suggests that conversion also takes place in ambient air (de Raat
et al., 1987). Furthermore, it is likely that conversion products of pAH are
mutagenic, and that emitted PAH derivatives are sensitive to comparable
conversions. Chemical conversion can thus affect the mutagenicity of the
particles.

During episodes with photochemical air pollution (pA), conversion should
be stimulated: PA is associated with enhanced concentrations of reactive
compounds and radicals, and with high temperatures and low dispersion of
pollutants. If the residence of mutagens and pAH in the ambient air results in
their conversion, this should be especially manifest during pA. we therefore
investigated the mutagenicity of ambient air particles originating from local
sources (traffic) and distant sources during episodes with pA. The particles
were sampled on 11 days, each day divided into at least four sampling periods
of 3h during the daytime and one period of not more than rzh dùing the
following night, which enabled the observation ofthe diurnal variation ofthe
mutagenicity. In the last four experiments, sampling was carried out at three
locations, which enabled the examination ofthe contribution oflocal sources
to long-range transported mutagenicity.

METHODS AND MATERIALS

Sampling technique

The particles were sampled by filtration using a sartorius HV 100 high
volume sampler and collected on sartorius sM1B400 glass fibre filters. The
flowrate was 100m3h-1; the average linear air speed through the ûlter was
0.54ms-1. Before sampling the filters were washeá by Ssxhlel extraction with
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methanol for 24}r. After sampling the filters with particles were wrapped in
aluminium foil and stored at -80oC.

Sømpling, time schedule ønd locøtions

On 11 days, at least four samples of 3h each were taken between 8.00 and
20.00 h and one sample of not more than 12 h during the following night. The
sampling dates (further also called experiments) and the time schedule of
sampling are given in Fig. 1. Sampling days were selected when, on the basis
of the weather forecast by the Royal Dutch Meteorological Institute, PA could
be expected in the area under investigation. In the Netherlands, PA generally
occurs with easterly winds. When this was the case, and when low wind speeds,
high temperatures and a clear sky were also forecast, sampling was started at
5.ü) or 8.00h.

In all experiments, sampling was carried out at a location (referred to as
TNO-ZP) on the TNO site in Delft, which is immediately downwind of the
major highway between The Hague and Rotterdam when the wind is easterly.
During the last four experiments, sampling \¡vas also carried out at a location
(referred to as Delft) on the roof of the Fire Department building in downtown
Delft, located downwind of TNO-ZP, and at a rural location (referred to as
Delfgauw) upwind of TNO-ZP. Sampling at TNO-ZP and Delfgauw was carried
out at ground level, and at Delft at an altitude of -20m. The sampling
locations are indicated in Fig. 2.

It was assumed that the samples collected at Delfgauw were not influenced
by major sources within a distance of at least 20 km; those collected at TNO-ZP
differed from the Delfgauw samples only in the contribution from traffic on the
highway. The Delft samples were locally influenced by downtown sources (4t

Dale of' +
filst dat

t2- s -'82

t4 - 5 -'82

,s- 5-82

16 -5 -'82

2-6-82

I-ó-'82

tt - 6 -'82

8-7-',82

9-7-'82

n-?-'82

rr¿

2-d-?2 ,t ,l ,l ,l ,f rr rt I ri ,58tru¿172023258
Fig. 1. Dates and time schedule of sampling. (t) Replacement of filter.
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Fig' 2. Map of Delft; indicated are the rocations TNo.Zp (T), Delfgauw (DG) and Delft (DE).

this time of the year mainly traffic). The study thus enabled the characteriza_tion ofthe contribution oflocar sources to the backg"o""J,n"t"senicity oftheambient air particles.

Concentrations of gøseous polluta,nts

The concentrations gf NO, NO, and peroxyacetylnitrate (pAN) were
determined at TNO-ZP. ozone and sb, concentrations were not availabre forTNo-zP, so data provided by the Nalionar Institute for pubric Hearth andEnvironmental Hygiene_for voorschoten, rocated just west of the highway
between The Hague and Leiden, were used. Althougú these concentrations arenot directly linked to atmospheric processes in thã area under investigation,the widespread nature of pA 

'"he' o"crrrring in .the Netherlands, theimp-ortance of long-range transport for the só, conceni"uiio". and thesimilarity between the sampling area and the area- where the concentrations
were measured, warrants their use in this study. The concentrations were
received in the form of hourly means. with these values splines were calculated
for each experiment and. the parts of the splines coverini the sampling periods
were integrated to obtain a mean value for each sampllng pe"ioå.

Extraction of the particles

The filters with particles were extracted in a soxhlet apparatus with
methanol (Rathburn HPLC-grade) for 8 h ( - 20 cycles). The air ií the apparatus
was replaced by nitrogen and the extraction was carried out in the dark.
several experiments with longer extraction times and/or additionar solvents
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showed that this procedure is highly effective with respect to extraction of
mutagenicity and concentration of polycyclic aromatic hydrocarbons in the
extract. The solvent was removed by evaporation (rotory evaporator, reduced
pressure, 30oC, in the dark) until 5ml remained. Dimethylsulphoxide (Merck,
AR) was then added and the remaining methanol evaporated. One millilitre of
the final solution represented 200 m3 of sampled air. The dissolved residues
were immediately stored at - 80oC and tested for mutagenicity within a few
weeks.

The Ames test

The Salmonella/microsome test (Ames test) was carried out according to the
procedure laid down by Ames et al. in 1975. Two strains of Sal¡nonella typhi-
rnurium were used: TA98 and TA98NR. The latter is a mutant strain isolated
irom the former and showing a reduced sensitivity to the mutagenicity of many
nitro-compounds (Rosenkranz and Mermelstein, 1983) and was obtained from
Dr. H.S. Rosenkranz, Cleveland, Ohio. For detection of metabolic (de)activa-
tion, a liver S9-fraction from rats treated with Arochlor 1254 was used; this
S9-fraction was obtained from CIVO Toxicology and Nutrition, TNO, Zeist, the
Netherlands and prepared according to Ames et al. (1975). Each extract thus
yielded four effects, obtained using two strains with or without S9-fraction.

In each of the first seven experiments, all extracts were examined in one test
procedure, i.e. on one day, with one culture, one S9-fraction and one batch of
plates, to optimize comparability of the responses from the different extracts.
The extracts of the last four experiments were examined in two test procedures;
for these the comparability of the results from the different locations and with
the different strains were given priority. The two tests were carried out within
24 days.

All test samples (extracts and positive control compounds) were dissolved in
100¡il of dimethylsulphoxide. The extracts were tested in duplicate or in
triplicate. Two or three concentrations were tested (excluding zero); the
highest was the amount of extract derived from 10 m3 of air. Straight lines were
calculated from the dose-response relationships according to the maximum
likelihood method, assuming Poisson sampling of the responses of the test.
The mutagenicities of the extracts were summarized as the slopes of the lines.
In most of the tests a certain systematic deviation from linearity was observed.
Some examples are depicted in Fig. 3. It appears that, in the presence of
S9-fraction, the effect increases more than expected, and in the absence, less
than expected. This phenomenon was not restricted to the higher doses. The
calculated effects can thus be regarded as an averaged effect for the doses
tested. The greater the deviation, the more the effect will have been un-
derestimated or overestimated for respectively the absence or presence of
S9-fraction, at least if we assume the "real" mutagenicity to be linearly
dependent on the dose and the deviations to be due to phenomena such as
toxicity and shifts in metabolism by the S9-enzymes. Microscopic observation
of the background histidine auxotrophic colonies, however, did not indicate
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Fig. 3. Mutagenicitv of ambie¡t air particles sampled between 17.00 and 20.00 h in Experiment g.
The points represent means of duplicate determinations.

toxicity. Since there is no model available which can isolate the assumed linear
dose-mutagenicity relation from other factors, the effect can only be assessed
by linear regression. In some cases the effects of the highest dose iere omitted
because the dose-respo-nse relation crearry deviated fiom linearity.

The sensitivity of the test was monitored by simultaneously (with theextracts) testing benzo[ø]pyrene (with sg-fraction; sigma) and 2-nitrofluorene(without s9-fraction; Aldrich). To check the differenãe in sensitivity to nitro
compounds between the two strains, the following compounds were tested in aseparate experiment: 2,4,7-trinifuofluoren-9-one (Alãrich), 2-nitrofluorene
(Aldrich), 2-nitronaphthalene (Aldrich), d.aunomycin (sigÁa), furazorid.one(orphahell' Mijdrecht, the Netherlands), benzo[ø]pyrenelsigma), B-methyl-
cholanthrene (sigma), 2-aminoanthracene (sigmá) an¿ z-acàtyiaminofluorene
(Fluka).

RESULTS

Table 1 summarizes some relevant meteorological parameters. Nearly all
experiments were carried out during meteorological conditions which
facilitate the development of PA in the area under investigation: easterly
winds, low wind speeds and high temperatures.

Table 2 lists the mean and highest concentrations of gaseous pollutants
measured between 8.00 and 20.00h. The concentrations of pAN and ou
exhibited the characteristic daily trend in this area, which is determined by the
differences in mixing height between day and night. Both compounds reached
their peak values in the afternoon. These values indicate moderate levels ofpA
for the area under investigation.

The results of the mutagenicity tests are given in Fig. 4. This figure shows
that the mutagenicity of the samples collected varies strongly from day to day
and during the day. The sampling days are not characterized by a common
trend for the mutagenicity. This observation was tested with the analysis of
variance (ANovA) for those .combinations of experiment and Ames-test
variant which had a complete set of effects betweãn g.00 and 20.00h. The
ANovA was also carried out with the proportions between the effects, i.e.

1:j---'
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TABLE 1

Summary of meteorological data

Ex-
peri-

Wind direction Wind Max.
speed temp.

ment N NNE NE ENE E ESE SE SSE S SSrtr SIV WSW W WNW NW NltIW (ms-') eC)
No.

I
2
ù

4
b

6

7

I
I

10

11

r)

4
4

2

11

8
I

ó

4

8

t7
3

I
8

6

1
.)

4

ù

1

6
6

1

7

1

ö
1

3
t
I
I

31
I
81

81
I

1

4

1

1

1
.)

3.3
3.6
2.7
1.9

2.8
2:4

2.t
3.8
5.5

5.5
2.6

18.7
22.2
25.4

22.8
27.7

28.0
27.6

25.8

30.9
25.7
29.6

L43
49
1

28

1

1

Wind direction : .frequency ofhourly averages.
Wind speed : averag€ ofhourly averages.
Max. temp. = maximum hourly average.
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TABLE 2

Concentrations of gaseous pollutants between 0g.00 and 20.00 h

A: per experiment

Experi.
ment

SO,
(pgm-')
i

NO
wgm ")
r

NO,
ûrg'n-')
i

o3
(pgm-')

PAN
(ppb)

1

2

3

4
5

6

8

I
10

11

27.0

rt.2
30.9

19.8
20.4
31.3

30.3
27.8

56.4

tt.7
36.2

B: per sampling period

37.0
42.4
19.0

5.6
L6.4

2.t
9.3
5.2

r7.5
6.8

15.9

73.6
68.7
73.0

49.4
83.6
45.8

87.0
75.9

88.1
32.7
74.0

r03.8
77.1

122.6
t29.4
153.0
L79.4

t44.3
187.0
r44.5
116.3
135.5

146
ot

216
t67
L97

225
189

225
216
142
212

1.3

7.5
2.7
3.1
2.0

1.3
1.7

1.0
2.3
1.8
2.3

1.3
0.9
1.1

Period O, ûrgm-') PAN (ppb)

95V" 95o/"

8-11
11-14
L4-t7
t7-20

78.4
t29.8
167.0

157.8

55.3-101.5
L07.7-152.8
145.0-189.1
r35.7-L79.9

0.8
1.9

1.8
t.4

0.2-L.6
L.3-2.4
t.2-2.3
0.9-2.0

Í
H
96Yo

= average of the concentrations during the sampling periods or experiments.: highest value m¿asured,.

= 950/o confidence interval of average.

TA98/TA98NR etc. There were no indications of a significant common trend(p > 0.05). Therefore it appears that any common temporal development of pA
during the sampling days is not reflected. in the mutagenicity of thã ambient airparticles.

The experimental variation of the mutagenicity test is probably an
important factor influencing the variation of thã effects. The fluctuation in the
sensitivity of the tests carried out during this study was investigated by simul-
taneously testing standard,mutagens together with the extractJof the samples
in each test. The results using the standàrd mutagens are summarized in Table
3.

. The mutagenicity ofthe extracts is characterized by a clear dependence on
nitro-reduction, the effects with rAggNR being martedty lowei than thosewith rA98 in the absence of sg-fraction. In thã pr"r"rr"å of sg-fraction the
reduction is much less manifest because the response with rAgg decreases and
the response with TA98NR increases. The results of correlation calculations
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Fig. 4. Results of the Ames test on the extracts of the particles. The frgure indicates the c¿lculated
slopes ofthe dose-response relations with straine TA98 and TA98NR. In nearly all caees the effect
obtained with TA98NR was lower than that with TASS: if not. the difference is shaded.
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Fig. 4 (continued.).
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with the responses of the four variants of the Ames test are listed in Table 4 and
plotted in Fig. 5. Quite high correlatione are obtained for the two responses
with S9 fraction (r > 0.9); the two responses with TA98NR gave the lowest
correlation. Table 4 aìso lists the gradient ofthe first principal axis, which can
be regarded as a measure ofthe mean proportion between the responses. The
clear dependence on nitro-reduction is confirmed by this table; in the absence

t_l=-+tt+t_i#
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Fig. 4 (continued).

TABLE 3

Summary of the efrects of the standard mutagens

2-Nitrofluorene
(2pg per plate)

Benzo[a]pyrene
(6pg per plate)

TA98 TA98NR TA98 TA98NR

i
s(%ofi)
U

n

691
ee (14)

289
I

95
22 (23)
67
8

296
6e (23)

772
I

223
71 (32)

243
10

Í: average of the average teet results,
standard deviation.
difference between highest and lowest value.
number of tests, each test comprised two plates.
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TABLE 4

Correlations and mean proportions of the effects obtained with the four Ames test variants

ABC
(¿:53) (¿:39) (¿:9)

TA98 _ S,

TA98 - Se

TA98 _ S,

TA98 + Se

TA98 + S,

TAg8NR - Se

TA98 + S, r
Pa

TA98NR - Se r
pa

TA98NR + S, r
Pa

TA98NR - Se t
Pa

TA98NR + S, /
Pa

TA98NR + Se r
Pa

0.77
0.84

0.86
0.23
0.80
0.46

0.71
0.22
0.96

0.58
0.72
2.53

o.74

0.77
0.79
0.20

0.73
0.43
0.M
0.2r
0.94
0.62

0.62
2.98

0.86
0.91

0.94
0.24
0.85
0.58

0.79
0.28
0.96

0.67
0.74
3.06

0.72 0.79 0.75
0.69 0.60 0.70
0.74 0.85 0.88
0.r8 0.18 0.23
0.68 0.67 0.85
0.43 0.25 0.31
0.63* 0.40* 0.45*
0.21 0.14 0.18
0.96 0.92 0.96
0.71 0.49 0.45
0.68 0.24* 0.69*
3.07 4.36 1.59

r: coefficientofcorrelation.p¿: gradientofthefrrstprincipalaxis;y: o,î. + b;J: second
variant. A : all samples except those of experiment 1. B : samples taken between 8.00 and
20.00 h, except experiment 1. C : samples of the four separate sampling periods between 8.00 and
20.00h, except those of experiments I and 8. *r * 0; p > 0.06.

of 59 fraction the resporrse in TA98NR is about one-fifth of the response in
T498, and this difference is hardly dependent on the sampling periods selected.

Figure 6 dep.ets the results of the tests canied out to check the difference
in sensitivity between the two strains. The two strains hardly differ in sensitiv-
ity to the compounds without nitro-groups, while large differences were found
between the responses of the tests with nitro-compounds. The differences found
with the extracts of the particles seem to be large enough to indicate a strong
contribution of nitro-compounds.

The mean proportions can be regarded as characteristic for the total study,
with the exception of those in which an effect with and without S9-fraction was
apparent. The correlation coefficients and the mean proportions for selected
groups of samples indicate a rather constant proportion.

The results,of the last four experiments are summarized in Table 5 to enable
comparison of the three locations with respect to the mutagenicity of the
particles. The contribution from local sources depends on the experiment and
on the sampling period. Indirect mutagens, i.e. mutagens dependent on Sg-

ft4cfisn, pre{or¡¡iryte ip this çqT}friþutio$, Epth hiehwey trefip a44 the
downtown area contribute. However, the results show clearly that the major
part of the mutagenicity found downwind of the local sources is due to distant
upwind sources.

Figure 7 shows the relationship between wind direction and mutagenicity
(T498 without S9-fraction). To this end, the hourly means were subjected to the
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Fig. 5. Plots ofthe effects obtained with the different Ames test variants (effects are depicted in Fig.
3; see also Table 4). The lines represent the two principal axes.

same spline/integration procedure as the concentrations of the gaseous
compounds. This figure reveals that the effect tends to a maximum with south-
easterly winds. In this case sampling occurred downwind of Rotterd.am, and. the
dependence of the effect on wind direction most probably reflects contribution
of sources in Rotterdam. The contribution from the highway will then also be
stronger. The effects with the other variants of the Ames test showed a
comparable wind direction dependence.

The relation between the effects and the concentrations of the gaseous
pollutants (studied by correlation analysis, principar component analysis of
the éorrelation matrix and factor analysis with varimax roiation) is shown in
Table 6. The so2 concentrations show a strong link with the effects obtained.
with s9-fraction. Two factors seem to largely determine mutagenicity: one is
strongly related to the effects obtained with Sg-fraction and the other to those
obtained without sg-fraction. It cannot be excluded that this result is (partly)
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Fig. 6. Comparison ofthe two strains with respect to their sensitivity to a number ofmutagens.
(o--o) TA98; (o_o) TA98NR. The test with 2-aminoanthracene was carried out with 5pl of
S9-fraction per plate instead of 50p1.

due to an independent variation of the test sensitivity for both types of effects,
although, in that case, the link with SO, concentrations would not have been
expected.

DISCUSSION

The results of the present study show the contribution of a small urban area
and traffic on a motorway to the mutagenicity of ambient air particles. A
striking result is the qualitative difference between the increase in the muta-
genicity caused by the local sources and the mutagenicity of the particles
upwind. The former was largely dependent on the presence of S9-fraction in the
test; i.e. is indirect, while the latter decreased in the presence ofS9-fraction. In
the absence of S9-fraction the influence of the local sources is rather small. If
it is assumed that interactions between the upwind particles and the local
particles do not influence the mutagenicity, it can be concluded that emissions
from traffic predominantly influence the indirect mutagenicity, at least when

J-ñelhylahoIonlhrûe

600
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TABLE 5

Comparison of the three locations with respect to the effects of the samples in the Ames test

All Samples
sam- taken
ples between

08.00 and
20.00 h

Experiment 08.00- 11.00- 14.00_ 1?.00_
11.00 14.00 17.00 20.00

TA98 - 59
Delfgauw

TNO-ZP

Delft

TA98 + 59
Delfgauw

TNO.ZP

Delft

18.71 20.L5
tt.Iz 11.50
20.06 21.86
12.03 11.21
21.13 22.89
11.2t 11.05

10.29 11.71
7.68 8.94

t3.47 14.79
9.69 t0.62

15.56 L7.46
10.82 11.84

26.53 28.98
6.99 9.74

30.43 32.70
7.77 6.87

29.57 32.24
7.94 6.24

8.61 17.81
2.76 10.00
8.85 24.05
3.15 9.65

11.34 27.ffi
4.49 t2.54

4.92 19.59 19.70
1.77 3.66 19.14
5.70 19.49 21.03
2.99 3.86 20.46
6.81 2r.51 21.26
1.68 3.17 17.06

2.72 13.68 15.00
0.48 4.95 16.2t
3.38 18.72 19.54
1.45 4.74 19.47
4.52 2r.03 21.81
L.32 3.99 20.38

2r.62 18.82
10.61 11.09
22.43 22.23
10.04 11.61
23.89 25.17
IL.23 11.78

L2.51 9.87
7.80 8.56

13.62 13.79
8.75 9.20

19.96 17.51
13.26 9.24

Í
s,
x
s,
i
s,

x
S-

i
S,
E

s,

20.33

11.48
27.67

8.45
20.83

9.74

10.29

6.73
13.42

9.16
r1.64
6.68

.¡ : average.
S, = standard deviation.

revertonts per plole

6ø

IA 98 wrthout S9
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Fig' 7. Plot of wind direction versus mutagenicity at the location TNo-zp.

sampling is carried out at the same short distance from emissions as was the
case in the present study.

several studies have indicated the sources possibly contributing to the
upwind' mutagenicity in the present study. De Raat (rsss) and de Raat et al.

?øø ?4ø 2Aø
lIrnd directron
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TABLE 6

Results of the principal component analysis

Principal component analysis (factor matrix)

Variable

TA98 _ S9

TA98 + Sg

TAg8NR _ S9
TAg8NR + Sg

SO,
NO
NO,
o3

Variance (% of sum)

- 0.93

- 0.s2

- 0.75

- 0.89

- 0.83
* 0.12

- 0.62

- 0.14

o.52

0.07

- 0.20
0.02

- 0.24
0.22

- 0.92

0.19
o.94

0.24

0.08

- 0.24
0.22

- o.27

- 0.27
0.20

0.69
0.01

0.10

- 0.19
0.07

- 0.61

0.07
0.30

0.26
0.31

0.r8

0.09

- 0.00 - 0.27
0.07 0.12

- 0.05 0.10

0.22 0.03

-0.32 0.00

0.04 - 0.08

- 0.00 0.08
0.r9 - 0.04

0.01

Factor analysis (varimax rotated matrix)

Variable

TA98 _ 59
TA98 + Sg

TAg8NR _ 59
TAg8NR + 59
SO,
NO
NO,
o3

Eigenvalue

- 0.62

-0.92
- 0.32

- 0.94

- 0.72

- 0.17

- 0.21

- 0.05

2.8

0.08

-0.r2
0.02

- 0.14
0.21

- 0.94
0.06
0.93

1.8

o.32

0.16
0.r7
0.11
0.24

0.15
0.95
0.25

t.2

- 0.57

- 0.28

- 0.93

-0.25
- 0.11

0.10

- 0.20
0.07

7.4

- 0.13 - 0.40

- 0.11 - 0.01

- 0.03 0.00

- 0.03 - 0.03

- 0.61 - 0.05
0.04 - 0.01

- 0.08 - 0.04

- 0.06 - 0.03

0.10.4

(1985) demonstrated the influence of local sources on the mutagenicity in the
Rijnmond area. This area extends from the southeast to the southwest of Delft.
The dependence ofthe effect on wind direction (see Fig. 7) is probably strongly
determined by sources in this area, especially in the city of Rotterdam. At this
time of the year the most important source in Rotterdam wiìl be traffic. Never-
theless, deactivation by S9-fraction was also found in experiments assumed to
be influenced by sources in Rotterdam (see Table 1). It thus seems that after a
longer residence of the particles in the air, their mutagenicity changes from
activation to deactivation by S9-fraction. However, the increase in the effect
with southeasterly winds could also be the result of emissions from further
distances than Rotterdam. These might obscure the indirect mutagenicity
attributed to emissions in Rotterdam.

The importance of long range transport of mutagens in the Netherlands was
clearly demonstrated by Alink et al. (1983) and van Houdt et al. (1987).
Especially with southeasterly winds, sources outside the Netherlands seem to
contribute; trajectory studies revealed that high effects coincide with the
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sampling of air masses which have passed industrial areas, for instance the
Ruhr area (van Houdt et al. 1987). The sources in such an area would not be
restricted to traffic; other combustion processes (oil, coal) may contribute. This
makes it difficult to compare the upwind particles collected ät Delfgauw with
the traffic emissions on the motorway and in the town, and prevents the
drawing of definite conclusions about changes in mutagenic quaiity based on
such a comparison.

The study ofDehnen et al. (rgg1) provides extensive information about the
mutagenicity of air particles in two towns in the Ruhr area. In the summer,
when the contribution of space heating is negligible, mutagenicity was noi
influenced by the inclusion of sg-fractiotr; *ittt samples frär' u rural site,
S9-fraction induced a decrease in the effect. Ifsuch pu"ii"l". contribute to the
effects found at the upwind location, Delfgauw, which is probably the case with
easterly winds, the influence of sg-fráction already reflects the 

"situation 
near

the source areas.
The predominant contribution ofparticles from distant sources provides a

major explanation for the lack of a common d.iurnal variation of the mutagenic-
ity for the different sampling days. It can be expected that this mutagenicity
will show strong variatio_ns during the day depending on wind directionlsourcl
area) and wind speed (dilution). The contribution of the local sources did not
show a typical diurnal p-attern; possibly the sampling periods were too long to
detect variations in traffic intensity. photochemical ãir pollution (pA) shoõs a
typical diurnal variation in the concentrations of radicals and oxidants. A
clear influence of PA on mutagenicity should therefore lead to typical diurnal
variation of the mutagenicity. Detection of the variation ,"q,.1". a rather
constant concentration and quality of the primary mutagenic particles. In the
present study the larger part of the mutagenicity originateå from particles
which had possibly been exposed to reactive comp-ounds for a longer time and
had probably already undergone maximum conversion. The pariicles of the
local emissions were possibly too strongly dominated by the particles from
distant sources, while the residence time might have been too short to allow
them to attain a substantial conversion.

A number of studies have been carried. out in which comparison of relatively
'young' and 'old' particles have indicated an influence of tLe resid.ence time in
the air on the mutagenicity. Pitts et ar. (1gg2) studied the diurnal variation of
the mutagenicity and found a clear relation between traffic density and muta-
genicity, demonstrating the importance of local sources in their study. A
remarkable finding was that the relation between intensity of emission,
influence of s9-fraction and residence in the air, pointed to deãcdvation with
longer residence time. similar indications were found by Möller et al. (19g2)
and Alfheim (19s2) in their street canyon experiments. 

-Selzer 
Madsen et al.

(1982) also suggested a relative decrease of activatable mutagenicity after
emission; in addition, they showed that relatively apolar activatible *.rtrg"r6
(extracted with cyclohexane) stem from 'freshi traffic emissions, whilst
relatively polar deactivatable mutagens stem from more distant sources. These
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results point to the possibility that the difference in quality between the two
types of particles encountered in this study is indeed the result of residence
time in the air.

Both the TA98 strain and its nitro-reductase-deficient derivative TA98NR
were utilized in all tests. In the absence ofS9-fraction the effects in the latter
reached only 20o/o ofthe effects in the former, showing the strong dependence
of the mutagenicity on bacterial nitroreduction. The difference between the
two strains in tests with model compounds even suggests that, in the absence
of 59-fraction, non-nitro-reductase-dependent mutagenicity contributed
hardly, if at all, to the mutagenicity of the particles. The inclusion of 59-
fraction in the test reduces the difference markedly, which leads to an increase
in the correlation between the effects in the two strains. The presence of two
groups of compounds is suggested by these results; direct mutagenic nitro-
compounds, the effect of which is strongly reduced by S9-fraction, and indirect
mutagens. The two strains are assumed to differ only in their sensitivity to the
first group. The situation is made more complicated by the fact that some
nitro-compounds can belong to both groups and others only to one. 6-Nitroben-
zo[ø]py:ene is only mutagenic in the presence of S9-fraction, while the effects
of dinitropyrenes are almost totally reduced by it (Rosenkranz and Mermel-
stein, 1983). An influence of residence time in the air on the mutagenicity would
then be due to an increase in the first group and/or a decrease in the second
group, possibly by conversion ofthe second into the first.

The multivariate analyses with the effects and the concentrations of the
gaseor¡s pollutants show a rather strong link in the factor analysis between the
SO, concentrations and the effects obtained in the presence of S9-fraction.
When easterly winds prevail, the SO, concentrations in the Netherlands are
largely due to long-range transported air pollution. Although the limited
number of samples warrants caution, the correlation strongly suggests that the
indirect mutagenicity is for a large part the result oflong-range transported air
pollutants. A weaker link was found in the case of direct mutagenicity. It is
tempting to hypothesize that this reflects conversion after emission, a process
which would be independent of variations in SO2 concentrations.
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ABSTRACT

The temporal and spatial dependence of the PAH profile, i.e. the relative concentrations of
polycyclic aromatic hydrocarbons, was investigated for ambient airborne particles during a
period with moderate photochemical air pollution. The concentrations ol 14 PAH were
measured; they differed in volatility, sensitivity to atmospheric chemical conversion and contri-
buting sources. Multivariate analysis (principal-component analysis and factor analysis)
revealed that temporal dependence was predominantly determined by five factors clearly linked
with volatility, reactivity and sources of the PAH, the first being by far the most important. The
results, thereflore, indicate that volatilization, conversion and a varying contribution of local
sources were the major causes of the variation of the profile with time. The contribution of local
sources was investigated by comparison ol samples that were taken simultaneously at three
different sites, one a background site and two sites downwind ol traffic. A marked site
dependence was found. The comparison suggested that the differences were not only
determined by sources, but also by volatilization and/or conversion during residence of the
particles in the air.

INTRODUCTION

This paper is concerned with an analysis of the temporal and spatial
dependence of the relative concentrations of polycyclic aromatic hydrocar-
bons in ambient airborne particles, i.e. the PAH profile of the particles. such
an analysis can yield information on the sources contributing to the PAH in
the particles and the chemical and physical processes affecting the concentra-
tions of the PAH after emission. Sources are characterized by a particular
profile and variations in the contribution of individual sources may be
detected in the variation of the profile in the ambient air (cretney et al., 1985;
Daisey et al., 1986; de Raat ef al., 1987a). Chemical reaction of pAH after



125

emission will affect the concentrations of reactive pAH more than those of
inert PAH and will therefore result in a decrease of the relative concentrations
of the reactive PAH (de Raat et al., l9g7a; Nielsen, lggg).

Likewise, evaporation of pAH from, and condensation án, particles will be
reflected by a variation of the proportion of the more volatìle pAH in the
profile (de Raat et al., l9ï7a).In addition, sampling of the particles may
induce an artificial change of the profile. The almost inevitable pressure droi
across the filter used in high-volume samplers will accelerate evaporation oÌ
the more volatile PAH (Pupp et a1., 1974; van vaeck and van cauwenberghe,
1978; van cauwenberghe et al., 1980; König et al., l9g0). The exposure of a
particle on a filter surface to other particles and an air stream containing
reactive gaseous components may result in chemical conversion (Lee et all
1980; Peters and Seifert, 1980; Brorström et al., l9g3; Grosjean, l9g3; Alfheim
and Lindskog,1984; Miguel and Andrade, l9g6; Lindskãg ei al., r9g7).

In the present study, we investigated the variation of thã pAH proûies of
a set of samples collected during a period with moderate photochèmical air
pollution in the western part of the Netherlands. The aim was to determine
whether or not sources, chemical conversion and volatili zation could be
detected from the variation of the profile. we collected at least four 3_h
samples during the day to evaluate the possible influence of the diurnal trend
of the reactive gaseous pollutants typical of photochemical episodes (Finlay-
son-Pitts and Pitts, 1986). During part of the study, .u-pì., were simul-
taneously collected at three locations, thereby allowing the influence of local
traffic over distant sources to be singled out.

METHODS AND MATERIALS

Sampling

Airborne particles were collected with the aid of Sartorius HVl00 high_
volume samplers on sartorius sMl3400 glass-flbre filters, prior to sampling
the filters were cleaned by soxhlet extraction (24h, methanol). The purii"l"I
bearing filters were wrapped in aluminium foil and stored uí - soõ c. The
flow rate was 100 m3 h-r, equivalent to a linear air speed of 0.54 m s-r. Durin!
the first 8 days, samples were taken on the premiseJof TNo (TNo-zp) in thã
southeastern corner of Delft, about 100 m west of the busy motorway between
the Hague and Rotterdam, at ground level. During the list 4 days, additional
samples were taken on the roof of the Fire service building nãar Delft city
centre, about 20m above ground level; and at Delfgauw, l.5km east of
TNo-zP in the grounds of a market gardener, at giound level. For the
locations, see Fig. l.

sampling began at 08.00 or 05.00h and continued for 24h; filters were
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Fig. l. Map of Delft; locations TNO-ZP (T), Delfgauw (DG) and Delft (DE) are indicated.

changed at 08.00 (if sampling was started at 05.00 h), I L00, 14.00, 17.00, 20.00
and on some sampling days at 23.00h. Sampling dates and schedules are
shown in Fig. 2.The decision of whether or not to take samples was based on
the weather forecast issued by the Royal Dutch Meteorological Institute;
when weather favouring photochemical air pollution was predicted (high
temperatures, low wind speeds from easterly directions and a clear sky)
sampling was commenced. The relevant meteorological conditions are listed
in Table l, which shows that conditions favouring photochemical air
pollution occurred on most sampling days; no rain occurred on sampling
days.

Extraction

After sampling, the filters were extracted with methanol (Rathburn, HPLC
grade) in a Soxhlet apparatus for 8 h (20 cycles) in an atmosphere of nitrogen
in the dark. The volume of solvent was reduced to 5 ml with the aid of a
rotatory evaporator at 30o C in the dark. Dimethyl sulphoxide (Merck, A.R.)
was added to the concentrated extract and the remaining methanol was
evaporated. The extracts were tested for mutagenicity within a few days (see
De Raat and De Meijere, 1988, for details and results). The remainder of the



127
0ale of
firsl doy

t2 - 5 -'82

,1- 5 -',82

ls- s -'82

16- 5 -'82

2- 6 -'82

3- 6 -'82

1- ó -'02

8- 7 -'82

- 

fine, h

túit*

9-7-',82 r ü t

t|- 7 -'02

2- I -'02

)õtr14I/20

Fig. 2. Date and sampling schedule. (J) Replacement of filter

extracts was stored for - 3 years at - g0o c in glass scintillation vials
wrapped in aluminium foil. Although the storage timè is rather long, signifi_
cant conversion of PAH under these storage conditions is highly imfrouãute.
It was expected that the very low temperature would have slowed down
chemical reactions and microbiorogical degradation of the pAH to a
negligible level. In addition, the absence of light would have prevented any
photochemical conversion of the pAH.

Determination of PAH

The PAH listed in Table 2 were determined with the aid of reversed-phase
HPLC. The extracts were injected directly onto the column without prior
purification. The dimethyl sulphoxide had no eflect on the outcome of the
analysis. Stationary phase: Supelco-pAH (250 x 4.6mm). Mobile phase:
75wlw %o methanol in water to l00o/o methanol (Rathburn, HPLC gìade).
Detection: based on fluorescence, excitation at 250nm and emission at
> 390nm. The PAH were identified and their concentrations determined with
the aid of a mixture of external reference compounds consisting of pAH
purchased from various commercial firms. The identities and concentrations
of l0 PAH in this mixture were thoroughly checked with a standard mixture
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TABLE I

Summary of meteorological data

Experiment
No.

Wind direction

N NNE NE ENE E ESE SE SSE S SSW SW WSW W WNW NW NNW

Wind speed Maximum
(m s-') temperature

cc)

18.7

22.2
25.4
22.8
27.7
28.0
27.6
25.8

30.9
2s.7
29.6

I
I
2

3.3

3.6
2.7
1.9

2.8

2.4
2.r
3.8

5.5

5.5
2.6

ll
t5J

l2
2l

ll

I
4t I

I

2

4
4
2

1

2

J

4
5

6

7

8

9

l0
1l

3l
9

8l I

8l
I

ll 9

88
l6

I
32
44
83

I

176
36

t43
49
I
28

Wind direction, frequency of hourly averages.

Wind speed, average of hourly averages.

Maximum temperature, maximum hourly average.
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TABLE 2

PAH for which concentrations were determined

PAH Abbreviation

Phenanthrene
Fluoranthene
Pyrene
Triphenylene'
Benz[ø]anthracene
Chrysene
Benzo[e]pyrene'
Perylene'
Benzo[å]fluoranthene
Benzo[k]fluoranthene
Benzo[ø]pyrene
Benzo[g,å,1]perylene
Indenoll, 2,3 - c d lpy r ene
Anthanthrene'

FE
FL
PY
TF
BA
CH
BeP

PE
BbF
BKF
BaP
BG
IN
AN

'Analysis not based on NBS SRM 1647.

from the National Bureau of Standards (NBS sRM 1647). The NBS mixture
did not contain triphenylene, benzo[e]pyrene, perylene and anthanthrene,
therefore analysis for these four pAH was not based on this standard.

Multivariate analysis

The variation of the pAH profile with time was analyzed using principal-
component analysis and factor analysis with orthogonal varimax rotation.

RESULTS

Table 3 lists the results of the principal-component analyses for all samples.
It shows that the PAH fall into two groups, one of lowei molecular weight,
and the other of higher molecular weight- The concentrations of the former
correlate with the first two principal components, whereas those of the latter
correlate only with the first principal component. As will be discussed in the
next section, this difference between the two groups reflects differences in
volatility. Apparently, volatility strongly affects the c-oncentrations of pAH in
the first group. we therefore restricted further analysis of the results to the
PAH of the second group, viz. from BA to AN. Th; concentrations of these
PAH are strongly correlated.

The relative invariability of the profile of the less volatile pAH implies that
variation in concentration of one or a few pAH gives a reasonable indication
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TABLE 3

Results of principal-component analysis of PAH concentrations

PAH TNO.ZP Delfgauw Delft

FE 0.43 0.86 - 0.16 0.37 0.88 0.18 0.54 0.79 - 0.17
FL 0.84 0.49 0.I 1 0.49 0.79 - 0.25 0.'79 0.57 0.10
PY 0.86 0.28 0.38 0.47 0.83 - 0.28 0.78 0.62 0.01
TF 0.88 0.34 - 0.02 0.73 0.34 0.50 0.8ó 0.24 0.33
BA 0.89 - 0.17 0.40 0.95 - 0.02 0.21 0.98 0.01 - 0.15
cH 0.99 - 0.05 - 0.08 0.99 - 0.04 - 0.05 0.98 - 0.07 0.06
BeP 0.93 - 0.16 - 0.24 0.92 - 0.17 - 0.29 0.95 - 0.2ó 0.1 I
PE 0.90 - 0.23 0.35 0.97 - 0.17 0.03 0.96 - 0.10 - 0.18
BbF 0.96 - 0.1r - 0.22 0.94 - 0.24 - 0.t9 0.94 - 0.27 0.10
BkF 0.97 -0.r3 -0.rs 0.96 -0.24 -0.09 0.97 -0.23 0.03
BaP 0.97 -0.18 0.ll 0.9'1 -0.22 0.02 0.97 -0.20 -0.10BG 0.95 - 0.ll - 0.10 0.98 0.04 0.16 0.99 - 0.13 - 0.02
rN 0.96 - 0.08 - 0.27 0.98 - 0.17 - 0.07 0.97 - 0.22 0.05
AN 0.92 - 0.18 - 0.12 0.96 - 0.18 0.07 0.96 - 0.15 - 0.19

Cumulative
variance
percentage 80.90 90.82 95.85 '14.04 91.'79 96.28 82.85 95.14 97.13

The analysis was carried out using all samples.
Listed are the cumulative variance of the first three principal components as a percentage of
the summed variance and the correlation of the components with the PAH concentrations.

of the variations in concentrations of the whole group. A detailed presentation
ofresults has therefore been restricted to the concentrations ofBaP and BbF.
The concentrations of these PAH are indicated in Fig. 3 for location TNO-ZP.
These two PAH were chosen because of their relatively high concentrations
and for their different reactivities; they represent extremes in the range of
reactivities of the PAH generally found in the atmosphere (Nielsen, 1984).
Figure 3 shows that the concentrations vary widely from day to day and also
during the day. No clear-cut trend during the day is noticeable. The very high
concentrations in one sample taken at night are striking.

Mean concentrations and coefficients of variation are given in Tables 4 and
5, which clearly show the wide variation of concentrations. They also reveal
the mean contribution from local sources when Delfgauw is compared with
the other locations and when the four sampling periods between 08.00 and
20.00h are compared. However, the contribution differs for different PAH.
Large contributions were found for BA and BG, whereas the BeP contribu-
tion from local sources is negligible. The contributions from local sources are
also evidenced in Fig. 4, which clearly shows that they are characterized by a
PAH profile differing from that present at Delfgauw. This difference between
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Fig' 3' Concentfations of benzo[a]pyrene (BaP) and benzo[å]fluoroanthene (BbF) in ambient airborneparticles at TNO-ZP.
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TABLE 4

Mean PAH concentrations and coefficients of variation

Sampling
location

All samples

BA CH BeP PE BbF BkF BaP BG IN AN

TNO-ZP
All experiments

TNO.ZP
Experiments 9,

l0and ll
Delfgauw
Experiments 9,

l0 and ll
Delft
Experiments 9,

l0 and ll

.Y

v

x
v

60.3 143.8 82.4 I r.5 r30.9 48.6

148 83 87 't5'1 89 92

38.5 l10.ó 70.4 'Ì.7 105.6 37.8

87 81 99 95 96 97

30.6 97.2 60.3 6.3 93.9 34.2

t02 87 108 r09 t07 r09

64.3 130.8

ll3 86

46.9 92.4
r00 79

40.3 65.3
114 106

94.7 8.7

80 9r

72.1 6.9

87 99

59.7 6.1

lot n2
x
v

r 59.8 144.7 65.9 9.5 I13.1 43.6 56.0 I15.8 80.7 9.0
v 74 67 89 89 84 85 92 79 82 97

Samples taken between 08.00 and 20.00h

BA CH BeP PE BbF BkF BaP BG IN AN

TNO-ZP
All experiments

TNO.ZP
Experiments 9,

l0 and ll
Delfgauw
Experiments 9,

l0 and ll
Delft
Experiments 9,

l0 and ll

i 4t.7 134.0 85.0
v 87 80.5 102

r 38.3 127.3 82
v 106 84 101

.r
v

48.5 140.5 78.5 8.7 t29.2 46.9
65 66 79 73 77 76

8.7 135.6 46.8

95 93 96

8.1 130.4 47
109 98 102

56.7 117.9

79 63

54.4 103.5

t02 80

s4.3 81.7
ll0 lll

66.0 132.1

97 84

9r.t 7.8

69 77

86.2 7.3

88 102

79.7 7.8

97 lI3

96.2 l0.l
87 102

Í 65.2 166.5 79.t 10.7 138.9 52.6

v797293958ó88

i, mean, nanograms per 100m3.
y, coefficient of variation of i (standard deviation expressed as percentage of mean).

profiles was found for all individual sampling periods, even when samples of
the imcomplete Experiment 8 were taken into account.

The mean PAH profiles are shown in Fig. 5, in which the concentrations
are normalized to give a sum of 100 for each sample. This procedure renders
the mean profile independent of differences in the sum between experiments.
The figure shows the rather marginal effect of local sources on the mean
profile.



TABLE 5

Mean PAH concentrations" in the
and 20.00h at TNO-Zp
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particles for the separate sampling periods between 0g.00

BA CH BeP PE BbF BkF Bap BG ANIN

08.00-ll.00h 65.7 t66.4 92.7
l1.00-14.00 h 43.2 t43.2 80.8
14.00-17.00h 36.0 I15.3 62.0
17.00-20.00 h 54.4 148.7 82.8

I 1.9 154.6 57 .7 74.3
8.3 133.0 47 .7 54.2
6.4 102.4 35.9 40.9
8.9 134.7 49.4 61.0

152.9

106.2

8s.8
135.2

I12.8
89.4

69.1

99.6

I1.0
7.6

5.6

7.7

"Mean concentrations per 100m3

- Principal-component analysis indicated a,very marked effect of a common
factor. To detect any other factors that might 

-be 
obscured by the common

factor, afactor analysis was performed. The results are listed in Table 6. Three
to four factors can be distinguished. The rotated matrices reveal a clear-cut
effect of the isolation of the results obtained during the day (samples taken
between 08.00 and 20.00h). when the results for aÍ ru-plé.'ur. taken into
account, the following groups of pAH can be discerned: cH, Bep, BbF, BkF
and IN; BA, PE and B¿p; AN. The first group consists of rathe¡ inert pAH,
whereas those of the latter two groups ã." -or. reactive (Niersen, l9g4).
Exclusion of the samples taken at night leads to one group oi reactive pAÉ,
and a group containing BG.

t6 972 603 63 939 y2 A) A,S,t Sq7 6t ng/t&û3 t Detfgour

M CH geP Pf &bF BkF gap BG tN AN

txperirnents 9,10 ond 11; oll sqmptes

rvo - zP

383127J e,0 Al lil| 17 54,3 t? n7 78 ng/ft)ñt? Detfgolt

0

-t0

A tH ReP PE 8bF8*F qoP 86 tN ÀN

Experiments 9,10 ond 1'l ; somptes
tqken belween 08.00 ond 20.00h

Fig' 4' contribution oflocal sources to PAH concentrations in ambient airborne particles. The contribu-
tions are depicted as a percentage of the concentrations at Delfgauw (.i).
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.',fut'nøn
4

tl-- a
-rl-

Fig. 5. Mean proportions of PAH and influence of local sources. (A) Mean proportions at Delfgauw and
the differences from the mean proportions at the other locations. All samples of Experiments 9, l0 and I L
(B) Mean proportion at TNO-ZP, and influence of sampling period. Samples taken between 08.00 and
20.00h for all experiments.

The three locations were compared by carrying out a factor analysis for the

concentrations of all samples of the last four experiments. The results (Table

7) were very similar for the three locations. The results for Delfgauw and
TNO-ZP were almost identical. Although PAH concentrations of the samples

taken at night were included, only two clear-cut factors were found: one is
more strongly related to the chemically reactive PAH, and the other to the
more inert PAH.

DISCUSSION

Principal-component analysis of the PAH concentrations reveals a clear-
cut effect of two factors on the concentrations of the lighter PAH (four rings
or less), whereas only one factor affects the concentrations of the heavier
PAH. A similar result was found for the PAH concentrations in the industrial
and urban area of Rijnmond, the Netherlands (de Raat et al., 1987a). An
obvious explanation for this division of PAH into two groups is variation of
the vapour/solid ratio of the lighter PAH in ambient air. Another explanation
may be the evaporation to which PAH are subject during sampling (Pupp et
al., 197 4;Vaeck and van Cauwenberghe, I 978; van Cauwenberghe et al., I 980;

8A CH 9eP P€ BbF gkF qaP 86 lN AN RA CH EePPf BbFBkFgaPS6 lN AN
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TABLE 6

Results of factor analysis for location TNO-ZP

PAH All samples Samples taken between 08.00 and
20.00 h"

BA
CH
BeP

PE
BbF
BKF
BaP
BG
IN
AN

Eigen
value

- 0.39

- 0.75

- 0.87

- 0.55

- 0.83

- 0.77

- 0.63

- 0.53

- 0.72

- 0.52

4.52

0.79
0.49
0.43
0.79
0.45
0.54
0.69
0.58
0.52
0.80

3.90

- 0.38 0.89

- 0.78 0.55

- 0.86 0.40

- 0.43 0.86

- 0.86 0.44

- 0.80 0.51

- 0.61 0.71

- 0.64 0.51

- 0.82 0.38

- 0.59 0.46

4.87 3.58

- 0.23 0.08

- 0.2s 0.10

- 0.29 0.01

- 0.25 0.07

- 0.26 0.05

- 0.28 0.08

- 0.35 0.07

- 0.46 0.33

- 0.38 0.21

- 0.66 0.04

l.3l 0.19

0.46 0.0s
0.44 - 0.05
0.22 0.05
0.2s 0.05
0.32 - 0.04
0.34 - 0.05
0.35 - 0.05
0.62 - 0.01
0.45 - 0.03
0.25 - 0.12

L49 0.03

The table shows the factor matrix and Eigen values of the factors. varimax rotated.
"Only experiments with four concentrations for each pAH.

TABLE 7

Results of factor analysis for the three locations and the samples from the last four experiments

PAH Delfgauw TNO.ZP Delft

BA
CH
BeP

PE
BbF
BKF
BaP
BG
IN
AN

0.92
0.65
0.37
0.80
0.46
0.59
0.75
0.88
0.65
0-82

0.39
0.74
0.92
0.57
0.89
0.80
0.65
0.46
0.76
0.54

0.92
0.59
0.39
0.83

0.45
0.58

0.77
0.86
0.64
0.82

0.39
0.80
0.91

0.54
0.89
0.8 r

0.63
0.47
0.76
0.54

0.51

0.73
0.83

0.53
0.86
0.80
0.69
0.69
0.81

0.55

0.82
0.59
0.55

0.84
0.49
0.58

0.72
0.69

0.57

0.83

Factor matrices, varimax rotated.

König et al., 1980). The.extent of this evaporation depends on the pressure
drop across the filter and on the sampling ìemperature, and therefore varies
with the climatic conditions and with the concentration of particles in ambient
air,
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In several studies, the PAH were sampled by combining frlters and
adsorbents, usually polyurethane foam (Thrane and Mikalsen, 1981; Keller
and Biddleman, 1984; de Raat et al., 1987b). The results confirm those of the
present study, in that the PAH contributing most strongly to the variation of
the second PC are those adsorbed by the foam. The present study therefore
shows indirectly that filtration is an efficient sampling technique for PAH with
more than four rings as well as some four-ring PAH, e.g. benz[a]anthracene
and chrysene.

A comparison of the samples collected simultaneously at the three locations
shows that local emissions (produced exclusively by traffic) are characterized
by a PAH proflle differing from that of the particles sampled up wind.
Delfgauw is much further away from source areas than is TNO-ZP from the
motorway, or the Fire Service from the city centre. Table I clearly shows that
Delfgauw can, in fact, be regarded as an upwind location for Delft and
TNO-ZP. Several explanations can be put forward for the difference between
the profiles of local and the upwind emissions. One obvious explanation is that
the sources are different. In the Netherlands, the most important source is
traffic, at least during the period of year when the sampling was carried out.
It has, however, been shown that particulate PAH are transported over long
distances (Lunde and Björseth,l977; Björseth and Lunde, 1979), therefore the
atmosphere over the Netherlands is polluted with PAH from various
European industrial areas. The combustion of coal and oil for industrial
purposes is a major source in these areas, emitting a PAH profile differing
from that of traffic (Cretney et al., 1985; Daisey et al., 1986).

Another factor that could give rise to differences in PAH profiles is
volatility. It is to be expected that vapour/solid ratios depend on the distance
between source and sampler. This phenomenon may be responsible for the
strong increase of benz[a]anthracene and chrysene concentrations. If so, a
longer residence time would result in more vaporization.

The residence time may also affect the extent ol conversion of the PAH.
Several laboratory studies lead to the conclusion that PAH in ambient air are
subject to conversion (Falk et al., 1956; Tebbens et al., 1966; Butler and
Crossley, l98l;Nielsen et al., 1983; Pitts, 1983; Miguel, 1984; Ramdahl and
Bjørseth, 1984). Evidence supporting this has recently been presented. A
comparison of PAH profiles of samples taken at different locations showed
that concentrations of relatively reactive PAH are subject to an additional
source of variation (de Raat eT al., 1987a and Nielsen, 1988). In addition,
Nielsen and Ramdahl (1986) and Pitts (1987) showed the presence of 2-nitro-
pyrene and 2-nitrofluoranthene, compounds that do not occur in emissions,
and therefore must be formed by nitration of pyrene and fluoranthene in
ambient air; most probably by reactions with hydroxyl radicals in the vapour
phase.
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It is difficult to determine which of these factors (source patterns, volatility
and conversion) cause the differences between upwind unå do*rr*ind pAH
profiles and, if they do, what the extent of their effect is. If the increase was
positively related to reactivity, a conversion effect would be very probable.
However, the results shown in Fig. 5 do not point to such a relatiòn, which
implies that differences in source patterns alsô play a part. According to the
literature, the PAH profile of local emissions is, in fact, rather charaðteristicof traffic emissions; the different profile found at Delfgauw suggests
background pollution by industrial oil and coal combustion icretney ãi at.,
1985; Daisey et al., 

-1986), 
confirming that differences in souìce pattern do

indeed play a part. In this context, the strong increase in concentration of
benzoþ,h,i]perylene is of particular importance. Its concentrations in local
emissions are some l0 times those of benzo[e]pyrene. It follows that most of
the PAH-containing particles polluting the aii of the study area are of two
very different types: rather old particles of industrial oiigin, and young
particles emitted by local traffic.

Principal-component analysis does no more than reveal the major effect of
PAH volatility on PAH profiles. The concentrations of the less volatile pAH
were all strongly correlated with those of the first principal components.
Accordingly, rhe profile of these pAH is fairly stable.-In spite of thii, factor
analysis revealed that three or four factors had an effect on ìhe profile of these
PAH. one of these is linked with the concentrations of benzo¡g,h,i1perylene.
In view of the above considerations, it is likely that this factor represents the
varying contribution from local sources.

Another factor is linked with the concentrations of anthanthrene, and is
prominent only when the samples taken at night are taken into account. The
most important factors are linked with two groups of pAH: one comprising
the reactive PAH, benz[afanthracene, perylene, benzo[a]pyrene and anthanth-
rene, and the other comprising chrysene, benzolelpyrene, the benzofluoran-
thenes and indenolc,dfpyrene. This division into iro g.orrps suggests that
PAH profiles are affected by chemical conversion, because ii agrees with the
grouping according to chemical reactivity on the basis õf laboratory
experiments. The separate anthanthrene factor may also be the result of
conversion because, among the pAH studied, anthanthrene is the most readily
nitrated (Nielsen, 1984). If the anthanthrene factor does result from
conversion, two conversion processes may be responsible, one of which
proceeds at night, and affects the concentration of anthanthrene in particular.

It must be emphasized that sampling may also cause conversion. The
multivariate analysis gives an insight into the factors determining the
temporal variation of the profile and can therefore not discriminate betwéen
this artifactual conversion and conversion taking place before sampling
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(atmospheric conversion). Variation in concentrations of reactive gaseous

components may result in variation of the extent of artifactual conversion.
Comparison of locations is necessary to demonstrate atmospheric conver-

sion. Using location comparisons, atmospheric conversion was indicated by
two previous studies (de Raat et al., 1987a; Nielsen, 1988). Comparison of
locations in the present study is too strongly affected by differences in sources
to distinguish atmospheric conversion. Any comparison of the three locations
on the basis of factor analysis must be interpreted with a great deal of caution,
because of the small number of samples investigated. Factor analysis gives
almost the same results for both Delfgauw and TNO-ZP. This suggests that
the PAH proûles are affected by the same factors to the same extent at these
locations. The profiles do not reflect any contribution from local sources, and
no anthanthrene factor is found. This analysis included all samples in the last
four experiments; during these experiments more samples were taken at night,
samples being taken between 05.00 and 08.00h and between 20.00 and
23.00h. Table 4 shows that inclusion of the samples taken at night obscures
the benzoþ,å,i]perylene factor, which is postulated to represent the varying
contributions of local traffic. The absence of a separate anthanthrene factor
may be due to the absence of very high PAH concentrations such as those
found in Experiments l, 3 and 4. Factor analysis for Delfgauw and TNO-ZP
revealed only two factors. The PAH clearly fell into two groups: one of
relatively reactive PAH and one of relatively inert PAH. It thus seems that
chemical conversion still affects the profile of the older particles sampled
upwind, which is unexpected because of their long residence time in the air.
This leaves conversion caused by sampling as an explanation; it is, apparently,
not restricted to freshly emitted PAH. The factor matrix for Delft differs only
slightly from those for the other two sites. Surprisingly, no separate
benzoþ,h,ilperylene factor is found at Delft, notwithstanding the clear contri-
bution of local sources at this location.
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ABSTRACT

In order to investigate the chemical nature and diversity of the mutagens in ambient

airbome particles (AAP) and coal fly ash (CFA), extracts of these particles were subjected

to bioassay-directed fractionation. Open-column as well as high-pressure liquid chromato-

graphy were used as fractionation techniques after purification by means of liquid-liquid
partition. Extracts and fractions were tested with the Salmonella./microsome test using

various tester strains, among them TA98NR and analysed for polycyclic aromatic hydro-

carbons (PAH) and some nitrated PAH.

seven distinct groups of mutagens could be discerned in AAP. Two of them were iden-

tified as PAH and mono-nitro PAH; the first accounted for about 5Vo of the total effect in
TA98 with 59 and about 2OVo of the total effect in T4100 with 59, while these percentages

were for the latter about 12, 24, 14 and 13 for respectively TA98 with and without s9 and

T4100 with and without 59. A significant contribution of dinitropyrenes (possibly rogerher

with other multiply nitrated PAH) could be ruled out. Five more polar groups of mutagens

could be isolated in AAP, which showed clearly nitroreductase-dependent direct muta-

genicity. Besides direct-acting nitrocompounds, these groups also comprised indirect-
acting compounds (s9 dependent), possibly, but not necessarily, these are also nitro-
compounds.

The distribution of the mutagenicity over the various active chromatographical fractions
was clearly strain and s9 dependent. The use of strains TAl00 and rA97 pointed to the

importance of indirect mutagens, also for the more polar fractions. PAH did not signifi-
cantly contribute to the mutagenicity of cFA. These particles contained two groups of
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mutagens that were not found in AAP: a group the effect of which is most probably caused
by dinitropyrenes and comparable compounds and a polar group containing nitro-reductase
dependent direct mutagens.

INTRODUCTION

More than 15 years ago the first studies were published which showed that ambient
airborne particles (AAP) possess mutagenic properties and many have followed since
(Talcott and wei, 1977; Pitts et al., 1979: Dehnen et al., lgiTi Teranishi et al., 197g;
Commoner er al., 1978; Tokiwa et al., 19g0; Alfheim and Møller, 1979; Møller and
Alfheim' 1980; Alink et al., 1983; De Raat, 1983). In most of rhese srudies exrracrs of the
particles in organic solvents were tested with the Salmonella/microsome test developed by
Ames and coworkers (Ames et at., 1975). The effects in this test pointed to the presence of
at least two groups of mutagens: direct ones, i.e. compounds that need not to be activated
by the mammalian tissue homogenate (S9 fraction) used in this test, and indirect ones, i.e.
compounds which depend for their effect on the presence of 59 fraction. In general a
predominant contribution of the direct mutagens was observed. Thus, the effects did not
indicate an important contribution of the purely indirectly mutagenic polycyclic aromatic
hydrocarbons.

An indication about the identity of the direct mutagens was obtained by using tester
strains with a specific insensitivity to compounds which are activated via bacterial
reductive metabolism of nitrogroups (Rosenkranz and Mermelstein, 19g3 and 19g5;
Tokiwa and Onishi, 1986). The extracts of the particles showed markedly reduced effects
in these strains, compared to the normally sensitive parental strains, which indicated a
substantial contribution of such nitrocompounds (wang et al., 19g0; Alfheim, l9g2;De
Raat et al.' 1988)' Other authors investigated the effect of a specific reduction of nitro
groups with sodium borohydride on the mutagenicity and found a substantial decrease of
the effect, thus confirming the results obtained with the insensitive strains (Talcott and
Harger, l98l). The identity of the mutagens was further investigated by mutagenicity
testing and chemical analysis of fractions of the extracts which were prepared by liquid_
liquid partitioning and/or chromatography. This so-called bioassay-directed fractionation
directly showed the small contribution of the PAH; various classes of more polar, directly
mutagenic compounds were found to be present, the effects of which appeared to depend
on the presence of a nitrogroup, among them the nitrated derivatives of pAH (Alfheim et
al., 1985).
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Obviously, these results led to a re-evaluation of the rôle of PAH as carcinogenic

constituents of AAP. This notwithstanding, there exists clear-cut evidence for, another,

albeit less direct rôle of the PAH. It has amply been demonstrated that oxygenated and

nitrated PAH derivatives can be strong direct mutagens (Rosenkranz and Mermelstein,

1983; Mermelstein and Rosenkranz, 1985; Tokiwa and Onishi, 1986). PAH can be

converted to such compounds during combustion, emission and residence in ambient air
(Pitts, 1983; Pitts, 1987; Nielsen et al., 1983; Van Cauwenberghe, 1987; Valerio et al.,

1984). Moreover, the directly mutagenic groups identified sofar in the extracts are nitrated

and oxygenated PAH (Ramdahl et al., 1982; König et al., 1983; Nishioka et al., 1986 and

1988; Tanner et al., 1983; Gibson, 1982; Nielsen et al., 1984). Taken together, these results

suggest that the mutagenicity of the particles ultimately finds its origin in the formation of
PAH and other polycyclic compounds during combustion. These compounds are

subsequently converted to directly mutagenic derivatives, either before emission or during

their residence in the air.

Sofar, the number of different classes of mutagens in AAP remains obscure.

Moreover, it is uncertain whether all the directly mutagenic classes consist of compounds

the effects of which are determined by the presence of nitrogroups, although the strong

nitroreductase dependence of the complete extracts suggests this to be the case (De Raat,

1988). Both aspects were adressed in the present study. By means of bioassay-directed

fractionation based on various fractionation techniques we tried to isolate as many

mutagenic classes as possible and tested these for mutagenicity with Salmonella

typhímuríum TA98NR, a nitroreductase-deficient strain, alongside with its parental strain

T498.

The mutagenicity of the particles has sofa¡ nearly exclusively been investigated

with Salmonella strains TAl538 and, in particular, T498. It is well known thar these

strains are relatively sensitive to directly mutagenic nitrocompounds (Rosenkranz and

Mermelstein, 1983). However, other strains may show a higher sensitivity to other directly

mutagenic compounds or to indirect mutagens, e.g. PAH. The use of these strains might

relativize the importance of the directly mutagenic nitrocompounds. Therefore, strains

TAl00 and TA97 were used in the present study in addition to the TA98 strains.

The presence of PAH and their mononitroderivatives in AAP is well established.

However, although it has been demonstrated that both gtoups of mutagens do contribute to

the mutagenicity of the particles, no accurate estimations of this contributions are as yet

available. We tried to achieve this, by testing well defined isolated fractions with these

compounds.
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It is also suggested that the extremely mutagenic dinitropyrenes (Tokiwa and
onishi, 1986) contribute to the mutagenicity of the particles (Tokiwa et al., l9g3). In this
study the actual contribution of these compounds to the mutagenicity of AAp was
investigated by comparing AAp samples with coar fly ash (cFA) samples containing high
dinitropyrene concentrations.

METHODS AND MATERIALS

Samples

Ambient airbome panicles (AAp)

AAP were collected with Sartorius HVl00 high-volume samplers on Sartorius sMl3400 gtass-fibre filters.
Filter diametec 25-7 cm; filters cleaned by Soxhlet extraction with methanol; flow rare: 100 m3.h-1; duration:
uh.
Sampling locations: Delft, on the TNo Zuidpolder tenain to fhe South-East of Delft, at ground level:
Schiedam, just Wost of Rotterdam, at an altitude of about 2.5 m; Lekhaven, on the roof of an old factory in
lhe seaport area of Rouerdam, at an altitude of about 50 m; Blijdorp, in the zo-ological ga¡den of Rotterdam,

at ground level; Peüen, on the ænain of the Energy Resea¡ch Centre of the Neú¡erlands, in a ru¡al a¡ea on the
coast, at ground level. Samples were trken during l9g5 and the first four months of 19g6.

Filters with particles were wrapped in aluminium foil and immediately stored at -g0t.
Within a few days of sampling the filters with partictes were extracted for 8 h (about 20 cycles) in a Soxhlet
apparatus with methanol @athbum, HPLC-grade) in the da¡k. During extraction the air in the Soxhlet
aPparâtus \4'âs replaced by nitrogen. The solvent was removed from the extract with a rotation evaporator (at
30'C, in the da¡k, under reduced pressure). Original extracts or residues dissolved in methanol, acetone
(Nanograde) or dimethyl sulphoxide (Merck, A.R.) were sored at -30oC or -g0oC.

Strongly mutagenic exf¡acts (>50 revertants per m3 eq. in TA98 without 59) were selected for the
fractionation experiments; a number of experiments were canied out with extracts combined from various
samples.

Coal fly ash (CFA)

Two CFA samples, A and B, were taken from the bag filærs of a small underfeed boiler (3.g MWth) heating

a greenhouse. The CFA samples were extracted with acetone. Extracts were prepared and Feared in a simila¡
way as the AAP extracts.
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Mutageniciry rcsting

Extracts and fractions were tested for mutagenicity with the Salmonella,/microsome test developed by Ames

and coworkers (Ames et al., 1975 and Ma¡on and Ames, 1983). The following Salmonella typúmurium

strains were used: T498, TA98NR, TA98-I.8DM6 (TA98DNP), TAl00 and T497. Most tests were ca¡ried

out in the presence and absence of a rat liver homogenate (S9-fraction) prepared from rats treated with 500

mg.kg-l Aroclor 1254, according to the procedure of Ames er al. (1975).

Testing was carried out in such a way, that comparison of the fractions from one chromatographical

fractionation procedure and comparison of results obtained with and without 59 fraction or with different

tester strains was not hampered by inter-test variation, i.e. the variation caused by the day of testing,

differences beween cultures and differences between batches of materials. Doses were testÊd in duplicate or

riplicate. Test samples were always added o the plaæs in 0.1 ml when organic solvents were used as solvent

(in most cases dimethyl sulphoxide) and in I ml when water was used as a solvent.

Determinøtion of th¿ concentrations of PAH and nitrated PAH

The concentrations of PAH in ext¡acts and fractions were determined with reversed-phase high-performance

liquid chromatography (RP-HPLC). Søtionary phase: Supelcosil LC-PAH (250*4.6 mm); mobile phase:

gradient from 75 to 100?o methanol in water; deæction: fluorescence, excitation 250 nm, emission >390 nm;

identification and quantification on the basis of chromatograms with extemal ståndards.

Determined were the concentrat¡ons of the following PAH: Phenanthrene @HE), anthracene (AC),

lluoranthene @L), pyrene @Y), benz(a)anthracene (BAA), chrysene (CH), benzo(e)pyrene (BEP), perylene

(PE), benzo(b)fluoranthene (BBF), benzo(k)fluoranthene (BKF), benzo(a)pyrene (BAP),

benzo(g,h,i)perylene (BGH), indeno(c,d)pyrene (IP) and anthanthLrene (AN).

The concentrations of mono-niEo PAH and diniuopyrenes in extracls and fractions were determined with RP-

HPLC. Søtionary phase: Vydac-201 TP (particle size: 5 micrometet250*4.6 mm); mobile phase: gradient

elution with acetonitril and Tris buffer. The eluate passed a zinc column for reduction of the nitro

compounds. Detection was based on chemiluminescence with peroxyoxalate. Identification and quantification

was based on the comparison of chromatograms obtained with and without reduction prepared from the

sample and a mixture of reference compounds.

Analyses were carried out with the original exracts or fractions, or residues dissolved in aceûone, methanol or

dimethyl sulphoxide.
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C fu o møt o gr a p hi c al fr a c t io natio n

Extracts of AAP or CFA were first fractionated with liquid-liquid partitioning (LLp) with merhoxyisobuøne
(MIB) and water or with straight-phase open-column liquid chromatography (OCLC-I) with MIB and
methanol as eluenfs.

The MlB-layer of LLP or the MlB-fraction of OCLC I were funher fractionated either with súaighr-phase
OCLC (OCLC-II) or with semi-preparative straighr-phase HPLC (Sp-HpLC) with gradient eluation.

The ocLC-II fractions were in some experiments fractionated with stnight phase sp-HpLC.
ono relatively polar sP-HpLC fraction was in some instances fractionated with ocl-c-il,

A schematic representation of the fractionation procedures followed is depicted by Fig. l. The extracts were
not subjected to the complete scheme; the figure represents a compilation of the fractionation procedures

followed for each extract separately.

ocLc. tr

sp¡.rp¡-c+FFEiãiáñl

oclc - II

Fí9. I Schematic representation oÍ tlß îractionation procedures
ILP : Liquid-Liquidputition
OCLC-I : Open Column Liquid Chromøtography; strøight phase; with MIB and

methanol
ocLcJI : open column Liquid chromatography; s,øight phase; with hexøne, torucne

and methanol
sP'HPLc : semi'Preparative High pressure Liquid chromatography; straight phøse;

gradient elution with hemne, dichlorometlane ønd aclenonitrile
: testedfor mutagenicity orland anatysedfor pAH orla¡ü nitro pAIl
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LLP

Residues of extracrs were dissolved in 100 ml of methoxyisoburane (MIB) and 100 ml of distilled waær by

ultrasonic vibration at OoC. The mixtu¡e was manually shaken for five minutes in a separation funnel; then

ûe two layers tvere sepa¡ated ; in several experiments water was again added to the MIB layer and the

separation procedure repeated. In some experiments the volume of the water layer was reduced by

evaporation; in others the organics were extracted from the water with t\4,o resins: Amberli¡e XAD2 and

XAD? (Rohm and Haas) according !o a procedure simila¡ to that described by Yamasaki and Ames (1977).

Two separate columns (h: 9cm, bed volume: 9 ml) were used and the eluate of the XAD2 column was

extracted $,ith XAD7. The adsorbed organics were desorb€d ìtrith 30 ml aceone.

OCLC I
Residues were dissolved in acetone. 200 microliters of this solution were applied to Sep-Pak Silica carridges

(Waters Associates; cartridges were not pre-treated) in small aliquots; after addition of each aliquor the

column wæ tlried with a counter-cuÍent stream of nitrogen. The column was eluted twice with MIB (20 ml)

and with me¡hanol (20 ml).

OCLC II
Like OCLC I except that LLP MIB layers were fractionated and that elution was carried out with l0 to 20 ml

of the following solvents hexane (twice), oluene (twice) and metlnnol.

SP HPLC

SP HPLC was applied to the MIB layer of LLP and úe fractions of OCLC I (only MIB fraction) and OCLC

II. Residues were dissolved in dichoromethane by ultrasonic vibration and eluted on an Alltech Silica semi-

prcparative column (25cm * lcm, particle size: l0 micrometer) by gradient elution. The gradients applied are

shown in Fig. 2. The eluate wæ collected in fractions of 7 or 3.5 ml.

The column was chemically reactivaæd (Bredeweg er al.,1979 and St¡ay et al., 1984); o this end fhe column

was eluted wilh a mixture of hexane, acetic acid and 2,2-dimethoxypropane (90: 10:2.5, Vol.). This results in

a reproducible activity of the stationary phase (0.2Vo water). After reactivation the column was eluted

respectively with acetonitril, frcM and hexane.
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Fíe. 2 Elution schemes used in the semi preparative H1LC fractionation.

RESULTS

LLP

Most AAP extracts were subjected to LLp. In 11 experiments the MIB and water layers
were both tested with strain TA98 fraction (the water layer was tested as such or after
partial evaporation of the water). These tests showed that only traces of mutagenicity were
left behind in the water layer and these could be easily extracted with XAD.
Five experiments allowed for the calculation of the recovery of the mutagenicity (the sum
of the mutagenic effects of the fractions divided by the effect of the original extract). In
tests with 59 the mean recovery was 99vo with s9, without s9 it was lrTvo; standañ,
deviations: 14.8 and 8.370 respectively. Recoveries were always highest for TAgg without
s9.

The mean recovery of the amount of extracted material (residue) was99,3vo (sd: 20.gzo) in
these experiments. The mean share of the MIB layer in the recovered residue was 22.2Vo
(sd:8.77o).

OCLC-I

A number of extracts, among them the two CFA extracts were prefractionated with oCLc-
I' This resulted in two mutagenic fractions: the first MIB fraction and the methanol
fraction; no mutagenicity was found in the second MIB fraction.
Mean recoveries for five AAp extracts werc: r09vo (TA9g with s9) and 145v0 (TA9g
without 59; both sd's 20vo). Again recovery was higher for TAgg without 59 in every
experiment.
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767o (sd: l27o) and747o (sd,: 157o) of the mutagenicity of the original extracts was re-

covered in the MIB fractions for strain TA98 with and without 59 respectively; these

percentages were37 (sd: 5) and 62 (sd: 10) respectively for the methanol fractions.

For two extracts (an AAP extract and a CFA extract) we reconstituted the extract from the

fractions and compared the mutagenicity of this reconstituted extract with that of the

original extract. The effects ofthese reconstituted extracts amounted from 65 to 867o ofthe

original extracts depending of sample and presence of 59.

The absence of mutagenicity in the second MIB layer indicates, that the groups of muta-

gens in the other two fractions do not overlap; OCLC-I thus allows the separation of two

distinct groups of mutagens in the extracts.

The possibility of overlap was further investigated, by reapplying the MIB fraction to a

Sep-pak cartridge and elution with MIB and methanol. Virtually all mutagenicity was

found back in the MIB fraction then, indicating, that the first MIB fraction does not contain

any polar mutagens which were eluted by MIB because of overloading.

OCLC-II

MIB layers of LLP and MIB fractions of OCLC-I were subjected to OCLC-[. The second

hexane and second toluene fractions never showed significant mutagenicity, which

indicates that three distinct groups of mutagens can be separated with this technique. Re-

elution of the first hexane fraction on a new column made clear that this fraction did not

contain polar compounds eluted in this apolar solvent due to overloading. If the eluate of

the fi¡st hexane fraction was collected in aliquots of 2.5 ml, nearly all mutagenicity

appeared in the first aliquot, which again indicates the clear separation between the first

hexane and the first toluene fraction.

The results of an OCLC-II fractionation with CFA A are presented in detail in Fig. 3.

In nearly all experiments the methanol fraction showed the strongest mutagenicity and

toluene fraction the weakest. The effect of the hexane fraction generally showed a clear in-

crease upon the use of 59 fraction while that of the methanol fraction was often decreasing.

Recoveries could be calculated for 9 extracts; TA98 with 39:84Vo (sd 27Vo); TA98 with-

out 59: l2lVo (sd: 287o). No reconstituted extracts were prepared.

The separation characteristics of the OCLC-I technique were investigated by eluting 22

compounds, comprising PAH, nitro PAH, PAH with oxygen containing groups, amino

PAH, nitrogen-heterocyclic PAH and oxygen-heterocyclic PAH. No toluene fractions were

prepared. The presence of these compounds in a certain fraction was determined by a spot

check with TLC of the fraction and a solution of the pure compound. Only PAH, mono-
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nitro PAH,9-fluorenon and2,4,7-tnnitrofluorenon were exclusively eluted in the hexane
fractions; all other compounds could only be demonstrated in the methanol fractions.

Fís.3 Mutagenicity of OCLCJI fractions of CCFA santple A.. with59fraction
o witløut 59frøction

Benzo(a)pyrene, 3-methylcholanthrene, 2-nitrofluorene and l-nitropyrene were subjected
to OCLC-I and the fractions obtained were tesred with strains TA98 and TAl00 with and
without 59. The mutagenicity of the first two compounds, which could only be
demonstrated in the presence of 59, was completely recovered in the first hexane fraction
while 80Vo of that of 2-nitrofluorene was found back in this fraction, the remaining part
being divided over the second hexane and the first toluene fraction. l-Nitropyrene yielded
mutagenic first hexane and hrst toluene fractions; chemical analysis demonstrated that the
effect of the first toluene fraction could be attributed to a contamination with the extremely
mutagenic dinitropyrenes. Separate experiments with dinitropyrenes confirmed the elution
of these compounds in the first toluene fraction. In all these experiments recoveries of
aboutlffiVo were found.

In two experiments the fractions of AAp extracts were analysed for a number of pAH, two
mono-nitro PAH and dinitropyrenes. The results a¡e listed in Table l; they show, that pAH
and their mono-nitro derivatives elute in the first hexane fraction, confirming the results
obtained with the pure compounds; no dinitropyrenes were found.
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In many experiments we have tested fractions of AAP extracts with the NR and DNP

mutants of TA98 together with their parental strain. The direct (S9-independent) muta-

genicity of all fractions was always found to be strongly reduced in the mutants as com-

pared with that in the parental strain, indicating the predominant rôle of nitrogroup-

dependent mutagenicity.

Table 1 PAH and mono nitropyrenes in two AAP samples

Concenlrations in pg per m3 eq
Toluene 2 lraction was not anaiyseO.
No dinilropyrenes could be dêmonstrat€d.
- :concêntralion b€low dêtêct¡on limit.

SP.HPLC

Separation characteristics and reproducibility of the SP-HPLC were investigated in a series

of experiments in which a mixture of PAH and various PAH derivatives was fractionated

with this technique. Reproducibility appeared to be snongly dependent of the application of

chemical reactivation. Mean retention times obtained with the chemically reactivated

column are listed in Table 2. The low sd's of these retention times (about 37o) illustrate the

high reproducibility of the technique. The table shows that the goups of PAH and mono-

nitro PAH each elute within a naûow retention range (fraction 6 for the PAH and fractions

8, 9 and l0 for the mono-nitro PAH); these groups do not show any overlap.

The results obtained with a mixture of niuo PAH are listed in Table 3. In this case the

fractions were analysed. Again all mono-nitro eluted in fractions 8, 9 and 10, while the

dinitropyrene eluted in fraction 12.

Compound Hexane 1 Hexane 2 Toluene 1 Methanol

chrysene
benzo(e)pyrene
benzo(b)fluoranthene
benzo(a)pyrene
benzo(g,h,i)perylene
1-nilropyrene
4-nitropyrene

1',t20
830

1110
620

1 130
6
5

4',1

26

0.6

23
15

14
11

chrysene
benzo(e)pyrene
bsnzo(b)lluoranthene
benzo(a)pyrene
benzo(g,h,i)perylene
1-n¡lropyrene
4-nitropyrene

1260
1020
1390
820

1500
7
6

2;
15

0.5

230

22

'.'

,?
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A comparable experiment with24 pAH showed, that these compounds were all eluted in
fraction 6, with small amounts of the lower molecular ones in fraction 5 and small amount
of the ones with higher molecular weights in fraction 7. In this experiment we found sub-
stantial losses for a number of PAH, in panicular the ones most sçnsitive to chemical con-
version, i.e. perylene, benzo(a)pyrene and anthanthrene (Nielsen, 19g4); a strong indication
that conversion ofPAH occurs during elution.

Table 2 Retenlion tìmes of ø nttmhpt nf tolono,.ò ^^'-ñ^,,-)- :- cD ,Dt ^Retention times of ø rwmber of reference compounds in Sp H1LC.

Compound Retentlon tlme a)

fluoranthene

benz(a)anthracene

chrysene

9-nitroanthracene

7-nitrobenz(a) anlhracene

6-nitrobenzo(a)pyrene

6-nilrochrysene

3-nitrofluoranthene

9-hydroxycarbazole

1-n¡lropyrene

1 3-hydroxydibenzo(a, i)carbazole

9-hydroxylluorenone

benzo(a)acridine

acridine

0.96

1.00

1.00

1.32

1.37

1.39

1.54

1.59

f .59

't.62

1.64

2.46

2.89

2.94

a : ret€nt¡on rime divided by the r€tention t¡me of chyfsene (1 1.2 min.: 39.2 mr).

Table 3 Distribution of reference nitro pAI! over Sp HpLC fractions.

1-nitronaphtalene

6-nitrobenzo(a)pyrene

9-nitroanthracene

7-nitrobenz(a)anthracene

2-nilronaphtalene

4-nitropyrene

1 -nitropyrene

3-nitrofluoranthene

6-n¡trochrysene

1-nitrochrysene

3-nilropsrylene 1 ,8-d¡n¡tropyrens
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In two experiments with AAP extracts, fractions 5, 6 and 7, all other fractions together and

the original extract were analysed for 15 PAH; in one experiment a reconstituted extract

was also analysed. The results (see Table 4) confirm the elution pattem found with the

mixture of pure PAH, while losses were very small.

Comparable experiments were carried out for nitro PAH in the same extracts and in CFA

sample A. The results obtained with CFA sample A are presented in Table 5; they confirm

the elution pattern found with the mixture of pure nitrocompounds.

Tablc 4 Concentrations PAH in SP HPLC fractions of two AAP santples.

Rgconstitulion : analysis ol an eritract reconstituted from lractions 5, 6 and 7.
Recovery : addition of lhe concenttalions in fraclions 5, 6 and 7.

PAH

sample 2

n!.r¡'3

Fr.5 Fr.6 Fr.7 Roconstltu-
tlon

Complete
extract

Anthracon€
Fluoranthene
Pyrene
Benzo(b)fluorene
Benz(a)anthracene
Chrysene
Benzo(e)pyrene
Benzo([uoranthene
P€rylen€
Benzo(b)flæranthene
Benzo(k)lluoranthene
Benzo(a)pyrene
Benzo(g,h,i)perylene
ldeno(1,2,3-cd)pyrene
Anlhanlhrene

0.17
0.22
2.71
0.70
o.o7
0.34
o.47
0.10

< 0.01
< 0.01
< 0.01
< 0.01
< 0.04
< 0.02
< 0.01

0.Í
8.36
3.83
1.31
3.26
5.62
4.44
3.77
0.51
5.42
2.27
3.20
4.16
3.75
0.43

< 0.0.|
< 0.01
< 0.03
< 0.05
< 0.01
< 0.03
< 0.08
< 0.11
< 0.01
< 0.01
< 0.01
< 0.01

0.10
0.05
0.02

0.40
10.69
7.69
2.03
3.50
s.63
4.10
3.03
0.49
5.24
2.1s
2.99
3.28'
3.17
o.42

0.49
10.30
7.03
1.84
3.27
6.08
4.37
2.75
0.57
5.49
2.24
3.01
3.46'
3.78
0.61

PAH

samp¡e 3

ng.m-3

Fr.5 Fr.6 F¡.7 Rêcovêry Completo
exlract

Phenanthrene
Anlhracene
Fluoranlhene
Pyrene
Benzo(b)fluorene
Benz(a)anthracene
Chrysene
Benzo(e)pyrene
BenzofIuoranlhene
Psrylen€
Benzo(b)lluoranthene
Benzo(k)fluoranthene
Benzo(a)pyrene
Benzo(g,h,i)perylene
ldeno(1,2,3-c,d)pyrene
Anthanthr€ne

2.39
0.20
0.90
4.06
1.01
0.06
0.45
0.56

< 0.11
0.02

< 0.01
< 0.01
< 0.01
< 0.04
< 0.02
< 0.01

2.37
0.13
9.79
4.6s
1.23
2.60
4.83
3.29
2.82
0.34
3.86
1.52
2.18
2.98
2.M
0.23

< 0.03
< 0.01
< 0.01
< 0.03
< 0.05
< 0.01
< 0.03
< 0.08
<0.11
< 0.01
< 0.01
< 0.01
< 0.01

0.09
< 0.02

0.08

4.76
0.33

10.69
8.71
2.24
2.66
s.28
3.85
2.62
0.36
3.86
1.52
2.18
2.98
2.44
o.23

6.29
0.38

I 1.30
9.34
2.08
2.67
5.48
4.55
3.19
0.41
4.15
1.64
2.38
2.3s
2.61
0.48
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Tabl¿ 5 Nitro PAH in SP HPLC fractíons of CFA sampte A.

Concantratbns in pg.mg-t
- : concentration bslow detection llmit
' : the dinilropyrenes hav6 the same r€tention time; l,g-dinilropyrene was usêd as standard.

A typical uv-absorption chromatogram prepared with sp-HpLC of an MIB fraction from
ocLC-I with AAP is depicted in Fig. 4. Many of such chromatograms were produced and
although relative heights of the peaks fluctuated, their retention times were almost constant.

- 

fradion

Fíg.4 TypicølUVabsorptionSP HpLCC chromatogran; AAp.
Elution scheme A, see Fig.2

Fig. 5 depicts the results of mutagenicity tests with SP-HPLC fractions of AAp extracts
after pre-fractionation with OCLC-I (so the MIB fraction of OCLC-I was subjected to Sp-
HPLC) and LLP. we witl refer ro "chromatograms" as are depicted in this Fig. as muta-
grams because mutagenicity is used for detection in chromatography.

Fractlon l-nltropyrene 6-nltro-
chrysene

1-nltro-
perylens

6-nitro-
benzo(a)pyrene

1,&dlnltro.
pyrene'

9

10

l1

12

500 730 't60 27

45

16

12



156

We can distinguish three clearly mutagenic peaks and one weakly mutagenic peak in the

mutagrams, which points to the presence of four distinct groups of mutagens,

The most apolar group elutes in the same fraction (fraction 6) as the mainstay of the PAH

and its effect, like that of the mutagenic PAH, depends completely on the presence of 59.

*Jn lOrÆ-s

tõ'rfull r¡'ø s

-."[[nJin-.", [l-"

Fí9.5
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*4 IE'r5Ælr r¡ry,

4 4 lo;õñ

Fíg.5

-l ryofl lgíå.slffi
Mutagenicíty of SP HPLC Jractions; AAp samples; MIB fractions of OCLC-I prefractionations
(samples I to 5) and MIB layer of LLp (sampte 6); dose: 50 m3 eq. pri pior4 means of
dup licates ; background not s ubstracted,

The next mutagenic group elutes in the same fraction as the mono-nitro pAH (fraction 9).
Its direct effect strongly depends on bacterial nitroreduction.
Weak mutagenic effects are sometimes observed in fractions 12, L3 ortand 14. The tests
with TA98NR again point to nitrocompounds.

By far the strongest effects were observed in fraction 16. Again the much weaker effects in
the nitroreductase-dependent strain point to a predominant contribution of nitrocompounds.
If strains TAl00 or TA97 were used in stead of strain TA98 markedly different mutagrams
were obtained. The relative importance of the PAH fraction increases dramatically if the
first strain is applied. To a lesser extent this holds for strain T497. The effect of fraction 16
appears to be strongly dependend on the presence of 59 in this strain. In general it can be
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stated that indirect mutagenicity is more important than its direct counterpart in strains

T4100 and T497.

Mutagrams of CFA extracts are depicted in Fig. 6 (MIB fractions of OCLCI). These

mutagrams differ markedly from those of the AAP extracts. No clear-cut contribution of
the PAH-containing fraction was observed. In contrast to the AAP extracts, the CFA

extracts yielded clearly mutagenic fractions 1 I and 12. The effects ofthese fractions, which

contain dinitropyrenes, virtually disappeared when the test was carried out with 59. The

NR mutation did affect the mutagenicity of the fractions, although much less strongly than

the mutagenicity of the mono-nitro PAH fraction.

Fraction 13 also shows some mutagenicity in the CFA mutagrams; its effect differs clearly

from that ofthe two preceding fractions, in the sense, that the presence ofSg does notlead
to areduction ofthe effect.

Like AAP, CFA yielded strongly mutagenic fractions 16; the mutagenicity was markedly

reduced upon the use of the nitroreductase-deficient strain.

On the far polar end of the mutagram of CFA sample A a clearly mutagenic fraction 21

was observed, which effect disappeared when the test was carried out with 59.

In two experiments OCLC-II fractions of an AAP extract (MIB layer of LLP) were

fractionated with SP-HPLC. The results of one experiment are presented in Fig. 7. The

other experiment lead to essentially the same mutagrams. The mutagrams of the second

hexane and toluene fractions are not shown in the Fig., as these did not yield any muta-

genic fractions, which confirms the lack of overlap between the th¡ee mutagenic fractions,

Only the hexane-l fractions yielded mutagenic PAH and mono-nitro PAH fractions
(fractions 6 and 9). Clearly mutagenic fractions 16 were observed in the mutagrams of all
three OCLC-II fractions. This is a remarkeble finding, as fraction 16 contains the more

polar mutagens which are not expected to elute in hexane from a Sep-Pak Silica cartridge.

So, we can disceme three distinct groups of mutagens in fraction 16 of the AAP extracts.

In other experiments, fractions 1ó were subjected to ocLC-II. The results (see Tabte 6)

confirm the presence ofthree distictly different groups ofmutagens in fraction 16.

By changing the elution scheme of SP-HPLC (scheme B, see Fig. 2) it was attempted to

separate the fraction-16 mutagens in one mutagram. The mutagram is depicted in Fig. 8; it
shows a series of peaks on the polar side of the chromatogram, which originate from the

"fraction-16 mutagens" of the other mutagrams.
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Mutøgenicity of sP HPLC fractions; cFA sampres A and B: MIB fraction of ocLCJ; dose: 2
mg fly ash eq. per plate: means of duplicates; background not substracted.



160

1 2 3 1 5 6 7 8 9 t0il 1213111518171819202122232125
húton

Fíg.7

t 2 0 1 5 6 7 I I t0 tl t2 t3 ta 15 t6 17 t8 19 20 21 2223 21 25
hrdbn

Mutagenicity of SP HPLC fractions; OCLC-il fractions AAP sample 7: dose: 50 nl eq. pe,
plate; meøns of duplicates; background not substracted.
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Tabl¿ 6 Muøgenicity of the OCLCJI fractions preparedfrom Sp HpLC fraction 16.

Listed are: means of duplicates
recovsry (addêd eflects.as percentage ol original fraction .f6)

reconslitul¡on (etfects of reconslituted lractioñs as percêntagã of original fraction 1 6)

Fìg. 8 Mutagenícity of sp HpLC fractions; sampre 7; MIB tayer of LLp; 50 m3 eq. per plate; means
of duplicates; background, not substracted; elution scheme B, see Fig.2.

For a series of SP-HPLC fractionations the recoveries could be calculated because the
oclc-I MIB fraction or the LLp MIB layer from which the mutagram was prepared was
tested simultaneously (in the same test procedure) with the sp-HpLC fractions. In two
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experiments a reconstituted (from the SP-HPLC fractions) MIB fraction was also tested

simultaneously. The recovered effects and the effects of the reconstituted fraction a¡e listed

in table 7.

Tabl¿ 7 Recovery øndreconstitutionofmutagenicity: SP HPLCfractionation.

Recovery : added €tlecls of the HPLC lractions as p€rcentago ol lhe etlêcl ol the original lraclion.
Reconslitution : etfect ol a sample rsconslitulsd of the HPLC fract¡ons as percântagê ol the effêcl of thê

original fraction.
hexanel : lirst hexane lraction of the OCLC lractionation.
' : eflea of orþinal lraclion severoly atfected by lox¡city.

Sample Straln s9 Frecl¡on Recovery
(9ol

Reconslltutlon
(/"1

AAP

1

2

3

4

5

6

7

I

CFA

A

B

TA98

TA98

TA98

TA98NR

TA97

TAlOO

TA98

TA98NR

TAlOO

TA98

TA98NR

TA98

TA98

TA98

TA98

TASNR

TA98

l
i
i
:
i
:
:
i
i
i
:
i
i
i

:
:
+

hexanel

ocLc-l

ocLc-l

ocLc-l

ocLc-l

LLP

LLP

hexanel

ocLc-l

ocLc-l

70
241

70
131

59
109
65

100
240'

69
68

144

69
136

59
155
115
144

57
178

68
81

103
134

103
228

t't9
r91

66
239

65
203

69
't24

126
115
117
160

96
9'l
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Table I lists effects of the Sp HpLC fractions 6 and 9, containing resp. rhe pAH and the
mono-nitro PAH. The effects are expressed as revertants per m3 and as percentage of the
effect of the original complete extract. The table shows the clear strain dependence of the
contribution of the PAH; if rAl00 is used in stead of rAgg it increases from about 5zo to
about20vo. Also the contribution of the mono-nitro pAH is affected by the use of rA100: a
clear increase in tesß with s9 and a clear decrease in tests without s9.

Table 8 The contribution of the fractions with PAH and mono-nitro pAH to the mutagenicity of the
extacts ofAAP.

Mono-nltro PAH tracilon

5

6

7'

i
s

TA98

TA98
TA98NR
TAl OO

TA98
TA98NR
TAIOO

TA98
TA98NB

TA98

TA98

TA9S

1.M

0.98
1.02
3.52

1.14
1.04
4.52

0.58
0.62

4.0

3.9
7.2

17.1

5.0
9.8

25.3

2.2
5.3

6.2

7.6

4.8
'1.9

3.04

1.14
0.76
2.76

1.04
0.20
2.64

13.02

8.5

4.5
0.5

13.4

4.6
1.9

14.8

5.7
3.2

1.61

30.1

1 1.6
1 0.1

4.40

3.00
0.36
1.56

2.14
0.48
0.60

1.50
0.46

6.06

12.88

17.4
1s.2
5.9

9.8
12.6

35.65

25.45
14.20
20.65

22.75
10.60
17.90

22.85
1 1.80

39.1 5

43.20

22.50

15.60
4.05
7.65

12.30
3.15

10.25

f 5.35
3.65

22.10

26.40

rev./m3

i
s
PAH traction
mono-nitro PAH frac{ion

rêverlants p€r m3.eq.
percentage ol thê eflect ol lhg complets €xlract
average for strain TA98
standerd deviation
SP HPLC fraction 6
SP HPLC fraction I
PAH:5+6+7; mono-nitro PAH: B+9+10: elution scheme B

DtscusstoN

By combining a number of chromatographical techniques we could discern seven
clearly distinct groups of mutagens in AAP and six of these groups together with two other
in CFA. The most apolar group elutes in the same SP HPLC fraction as the mainstay of the
unsubstituted PAH and its effect, like that of these compounds (and their alkylated deriva-
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tives, compounds which are expected to elute in the same SP HPLC fraction), is complete-

ly 59 dependent. Chlorinated PAH may have been eluted in the same fraction or in
adjacent fractions. However these compounds will not have contributed significantly to the

mutagenicity as this group of compounds comprises strong dírect mutagens (Leon et a1.,

1985; Rannug et al., 1986; Ball and Young, 1987; Pallet et al., 1987; Bhatia et al., 1987).

The next group of muøgens elutes in the same SP HPLC fraction as the mono-nitro

PAH. The direct effect of this fraction is strongly nitro-reductase dependent. Therefore, it
will be most probably caused by nitro compounds. From the mutagenic nitro compounds

thus fa¡ identified in comparable extracts only the mono-nitro PAH are expected to elute in

this fraction. Multiple nitrated PAH or compounds with, besides nitro groups, oxygen-

containing groups are expected to elute later, which leaves the mono-nitro PAH as the sole

compounds to which the effect of the fraction can be ascribed.

SP HPLC with CFA yielded a group of mutagens coeluting with the dinitropyrenes.

The extremely strong mutagenicity of dinitropyrenes in the Salmonellalmicrosome test

(Rosenkranz and Mermelstein, 1983; Tokiwa and Onishi, 1986) and their rather high con-

centrations in the CFA extracts strongly suggest that these compounds indeed contribute to

the effect of the SP HPLC fraction in question. The effect is strongly reduced when the

fraction was tested in the presence of 59, which is in line with a contribution of dinitro-

pyrenes, as these compounds are strongly inactivated by 59 (Shah et al., 1990). However,

we cannot fully exclude a contribution of other mutagens, e.g. other mutagenic multiply

nitrated PAH or oxygen-containig nitro PAH.

The lack of any significant effect of the "dinitropyrene fraction" of the AAP extracts

excludes a significant contribution of dinitropyrenes to the mutagenicity of AAP. It may be

expected that other multiple nitrated PAH will elute in the same SP HPLC fraction as the

dinitropyrenes or in adjacent fractions, so our conclusion applies to these compounds as

well.

The effects obtained with the other fractions (the three subfractions prepared from

SP HPLC fraction 1ó, SP HPLC fraction 2l of CFA sample A and the methanol layer of
OCLC I) were also clearly nitroreductase-dependent. So, it seems that all mutagenicity is

caused by nitro compounds. However, it should be emphasized that the reduced effect of a

fraction in strain TA98NR only tells us something about the identity of the direct muta-

gens. Effects of the same fraction in the presence of 59 may point to indirect mutagens,

even if this effect does not exceed that in the absence 59. In fact, close observation of the

mutagrams makes clear that 59 in some cases causes a decrease of the effect in TA98 and

an increase of the effect in TA98NR, which unambiguously points to the presence of
indirect mutagens. Obviously, this indirect effect will also contribute to the effect in T498,
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but then it is more than compensated by the inactivation of the direct effect. This combina-
tion of inactivation of direct, nitro-reduction dependent compounds and activation of
indirect compounds was also observed by us in an earlier study, in which we investigated
the mutagenicity of AAp during moderate photochemical air pollution. That study
suggested a relative large contribution of the inactivatable direct mutagens during such
episodes, in particular when particles from distant sources were sampled @e Raat and De
Meijere, 1988).

The indirect mutagens present in the particles may be the same ninocompounds that
cause the direct effect. A nitro PAH may be mutagenic in Salmonella via bacterial
reduction of the nitrogroup and,/or bacterial esterification of the resulting hydroxylamine
(Tokiwa and onishi, 1986); apparantly this activation pathway can be disturbed by s9,
possibly by metabolic conversion before activation by the bacterium can take place. The 59
in its turn may activate the same compound via ring epoxidation (Tokiwa and onishi,
1986); this is the common activation pathway for unsubstituted and alkylated pAH.
obviously, nitro PAH which are not directly mutagenic may still be activated by s9.

As we did not undertake a thorough analytical-chemical characterization of the
more polar fractions we cannot draw any conclusions about their chemical homogeneity,
let alone conclusions about the chemical identity of the mutagens in them. we may safely
assume, that the mutagenicity is not caused by one compound; rather a group of nitro
compounds among them direct and indirect mutagens, with similar physico-chemical
properties will be concentrated in the fractions. It is evident, that a definitive inventory of
the relatively more polar mutagens in AAP and CFA requires further fractionation,
possibly by reversed-phase HpLC, of the mutagenic more polar fractions, followed by
mutagenicity testing and chemical analysis. Our study shows that at least five distinct more
polar groups of niEoreductase-dependent diect mutagens are present in the extracts.

strain TA98 is generally used in mutagenicity studies because of its high sensi-
tivity. However' there is no fundamental toxicological reason why we should use this strain
instead ofother. The effects ofthe types ofcompounds present in our extracts in TAgg do
not necessarily correlate better with carcinogenicity than those obtained with the other
strains. That is why we have carried out tests with two other strains, namely TAl00 and
T497. The mutations detected with those strains have another molecular-biological
background than those detected with TA98 and will, therefore, show a different qualitative
(as regards the type of compounds detected by the strains) and quantitative sensitivity. If
T4100 is used in stead of 1498, the pAH become much more important, as is revealed by
comparison of otherwise strictly comparable mutagrams. In another study carried out by us
we have used T4100 next to TA98 to investigate the contribution of an industrial and
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urban area to the mutagenicity of the aerosol. This study consequently shows clear activa-

tion upon the inclusion of 59 in tests with T4100, while 59 hardly affected the overall

effect obtained with TA98 (de Raat et al., 1985). The present study makes clear that this is

the result of a relatively stronger contribution of the strictly indirect PAH and the lack of
sensitivity of this strain to the direct mutagenicity of mono-nitro PAH. Also snain TA97

showed a higher sensitivity to the indirect mutanicity and a lower sensitivity to the direct

mutagenicity than T498. Based on the effects in this strain, the nitroreductase-dependent

mutagenicity of AAP extracts is much less important than the indirect mutagenicity.

The CFA extracts yielded two extra mutagenic SP HPLC fractions, one of them

containing the dinitropyrenes and possibly other multiple nitro PAH. The other fraction

elutes to the far polar side of the mutagram. The presence of 59 leads to a complete

annihilation of its effect. The identity of these mutagens remains obscure, but for the fact,

that also in this case their mutagenicity depends on nitroreduction. PAH do not contribute

to the mutagenicity of the fly ash samples.

Comparable extracts were subjected to bioassay-directed fractionation by many

other authors (Alfheim et al., 1985). In earlier studies classical acid/base liquid/liquid

partitioning schemes were used, in most cases combined with straight-phase open-column

liquid chromatography (Teranishi et al., 1978; Tokiwa et al., 1980; de Raat, 1983; Reali et

al., 1984; Lewtas et al., 1982 and 1990, Crebelli et al., 1988, Schleibinger and Rüden,

1986). In general, mutagenicity is found in the acidic and the neutral fractions. The muta-

gens of the neutral fraction can be separated into two or three mutagenic fractions with

column chromatoglaphy. In some cases slight effects are found in the basic fraction. These

results point to the predominant rôle of the more polar mutagens. We may expect that PAH

and their mono-nitro derivatives, possibly accompanied by multiple-nitro derivatives will
have been isolated in the apolar neutral fraction. The mutagenicity of one or more of our

more polar fractions will be caused by acidic mutagens. An obvious follow up of our study

would be the combination of acid/base LLP with our fractionation scheme.

The importance of more polar mutagens was also revealed by sequential fractiona-

tion of the particles with a series of solvents with increasing polarity. Selzer Madsen (1982)

used cyclohexane and methanol; the cyclohexane extract was subjected to a LLP procedure

leading to a PAH fraction which contained all the mutagenicity of the cyclohexane extract.

The major part (about 80Vo) of the mutagenicity was found back in the methanol extract;

the effect of the PAH fraction could not solely be attributed to unsubstituted and alkylated

PAH as a significant effect was found in the absence of 59 (see also Møller and Alfheim,

1980 and Alfheim and Møller, 1979). Other authors that used this approach were Daisey et
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al. (1980) and Lioy er al. (r985), who used hexane, dichloromethane and acetone which
resulted in three clearly mutagenic extracts.

Thin-layer chromatography was used by Siak et ar. (19g5) for the separation of
mutagens in AAP. Also their results showed the imponance of the more polar mutagens;
about 50vo of the TA98 mutagenicity could be demonstrated in the fractions containing
mutagens that a¡e more polar than mononitro and dinitro PAH. The contribution of pAH to
the effect in TA98 was only small. Like ours, their results point to a negligibte contribution
of the dinitropyrenes. Application of srains TAggNR and rAggDNp strongly suggested
that all direct mutagenicity was dependent on bacterial metabolism of nitro gïoups.

HPLC has been used by several groups ro separate the mutagens in AAp and emis_
sions of combustion processes (Rappapon et al., l9g0; Alfheim, l9g2; Salmeen et al.,
1984; Harris et al., 1984 and 19g7; Mast et al., l9g4; Alftreim et al., 19g4; Nishioka et al.,
1986 and 1988). In general these studies show the importance of the more porar niro
compounds as direct mutagens in emission particles and AAp. In some studies various
fractionation procedures were combined to produce fractions homogeneous enough for
meaningful analyses with GC/À4S. By testing the same fractions indications were obtained
about the identity of the compounds actually causing the mutagenicity. Besides pAH and
their mono and multiply nitrated derivatives, these studies point to oxygenated nitro pAH,
in particular hydroxy-nitro PAH, nitrated ketones and acetoxy-nitro pAH (Nishioka et al.,
1988 and Ha¡ris et al., 1987). The presence of these compounds still only partry explains
the more polar mutagenicity. Some of the groups of mutagens that were isolated in the
present study could very well consist of these compounds.

Bioassay-directed fractionation techniques such as used in the present study are,
sofar, solely used for identification pu{poses. However they may as well be used for
answering other questions related with the presence of mutagens in AAp. The difference in
shape between the mutagrams prepared with different test variants (type of strain and
absence or presence of 59) point to one possibility. Besides the Salmonella strains, we may
use other test organisms' such as mammalian tissue-culture cells and besides point muta-
tions we may use other test criteria (genetic end points), such as cytogenetic effects. The
more general toxicological significance of the strong effects found in the Salmonella/
microsome test can be investigated. These effects are most probably largely caused by
nitrocompounds. The Salmonella-strains are in panicular sensitive to these compounds
because they themselves are able to activate them. So, the rôle of these strains is not
restricted to the detection of the mutagen or mutagenic metabolite. Metabolism of these
compounds in mammals differs notably from that in bacteria; in general it can be stated,
that oxidative metabolism is at least as important as reductive metabolism (Tokiwa and
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Onishi, 1986). In vlvo hardly any signs of reductive metabolism by mammalian tissues was

found up to now; then reduction is camied out by the gut micro flora and it is questionable

whether this bears any relevance with respect to exposure to the AAP via the respiratory

tract. So, the active compounds generated by 59 and by tissue-culture cells used for

detection may be more relevant as regards the possible health effects than the compounds

that are directly mutagenic in Salmonellø. This may suggest that the results obtained with

the strains less sensitive to the direct mutagens are more relevant than those obtained with

strain T498. However, this does not imply a less important rôle for the more polar

compounds; the tests with TA98NR and TA97 do show, that these play also a predominant

rôle with respect to the indirect mutagenicity. The direct effects gave the nitro mutagens in

AAP an important place in experimental toxicology; the considerations above suggest that

they are, at least as far as their direct effects are concerned, overexposed and that the

compounds activated by mammalian metabolism deserve more attention. Our results

suggest, that these are nitrocompounds as well, although not activated via their nitro group

and that because of their indirect effects, nitro compounds are still more important than

PAH.

Bioassay-directed fractionation may also help to investigate the influence of atmo-

spheric conversion of PAH and other relevant compounds (or artifactual conversion during

sampling and extraction) on the mutagenicity. The formation of oxygenated and nitrated

derivatives from PAH under atmospheric conditions has been amply demonstrated, not

only in the laboratory but also in the atmosphere itself; furthermore, some studies show that

mutagenicity of the particles is changing, from indirect to direct, during the residence of the

particles in the air (Van Cauwenberghe, 1987; Alfheim, 19821, Pitts et a1., 1982; Selzer

Madsen et al., 1982; De Raat en De Meijere, 1988). Bioassay-directed fractionation might

give insight into the actual shifts taking place, which (groups of) mutagens disappear and

which appear. If changes of conditions during sampling or extraction result in a shift, it
may be concluded, that chemical conversion, affecting mutagenicity, takes place; such

artifacts may well compensate each other in the effect of the complete extract and thus

remain obscure without fractionation.

The quality of the fractionation was investigated by comparing original extracts

with extracts reconstituted from the fractions. In general, it can be concluded that this

comparison did not suggest the occurence of severe losses or artifactual chemical reactions

influencing mutagenicity during the various fractionation steps. The recoveries tended to

differ clearly from the effects of the reconstituted extracts, which suggests that the results

of fractionation were not only affected by losses and, possibly, artifactual chemical

reactions, but also by changing interactions among components of the extracts. It is
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obvious that the differences between on one hand the original extracts and on the other the
reconstituted extracts and the recoveries make it impossible to estimate the real contribu-
tion of the various groups of mutagens. The calculated values represent in any case the
effects ofthese groups when they are isolated. In view ofthe analytical-chemical results, it
seems improbable that the effects of the PAH fraction and the mono-nitro pAH fraction are
affected by losses or chemical reactions.

CONCLUSIONS

The following conclusions can be drawn from the prcsent study:
Seven distinct groups of mutagens could be discerned in AAp. Two of them were
identified as PAH and mono-nitro pAH.

A rather exact estimation of the effects of these two groups was possible. ln isolated
form and in the presence of 59 PAH accounted for about 5Vo of thetotal effect in TAgg
and about 20vo of the rotal effect in TAl00. For mono-nitro pAH these percenrages
were about 12, 24, 14 and l3vo of the total effects in respectively TAgg with and
without 59 and TA100 with and without 59.

A significant conrribution of dinitropyrenes (probably togerher with other multiple
nitrated PAH) could be ruled oul
The direct effects of the five more polar groups of mutagens were nitroreductase depen_
dent, which confîrms the predominant rôle of nitrocompounds as mutagens in AAp.
Besides direct-acting nitrocompounds, these groups also comprise indirect-acting
compounds (s9 dependent), possibly, but not necessarily, rhese are also nitro com-
pounds.

The distribution of the mutagenicity over the various active chromatographical fraction
was clearly strain and s9 dependent, The use of strains TAl00 and rA97 pointed to the
importance of indirect mutagens, also for the more polar fractions.
No significant contribution of pAH to rhe mutagenicity of cFA could be demonsrrated,
while these panicles contained two groups of mutagens that were not found in AAp: a
group the effect of which is most probably caused by dinitropyrenes and comparable
compounds and a polar group containing nitroreductase-dependent mutagens.
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CHAPTER 11

COMPARISON OF FILTER MATERIAT-S USED FOR
SAMPLING OF MUTAGENS AND POLYCYCLIC ARO-
MATIC HYDROCARBONS IN AMBIENT AIRBORNE
PARTICLES

Atmospheric Environment 24A (1990) 2875-2887
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INTRODUSTION

In studies on the mutagenic properties of ambient
aìrborne particles, the particles are collected by filtra_
tion at relatively high flow rates (so-calle¿ high-
volume sampling). Each particle is fixed on the filter
material in a layer ofother particles for the remainder
ofthe sampling time. The particles are exposed to each
other, to the filter mat€rial and to the gaseous com-
ponents ofthe air passing the filter. They are no longer
freely floating in the air, but exposed to an enforód
stream of air. So exposure conditions as well as
compounds exposed to are changed compared to the
situation in the air.

We have to reckon with the possibility that this
change will cause a quantitative as \ryell as qualitative
change of the reactions which afect the composition
of the pilrticles, Artifacts are the result if mutagens are
inactivated, transformed into other mutagens or ifnew
mutagens are formed from non-mutagenic com-
pounds. Moreover, the composition may be changed

COMPARISON OF FILTER MATERIALS USED FOR
SAMPLING OF MUTAGENS AND POLYCYCLIC AROMATIC

HYDROCARBONS IN AMBIENT AIRBORNE PARTICLES

W. K. o¡ R¡lr, G. L. B¡rrpn and F. A. DE METJERE
T.N.O.' p.O. Box2r7,26ú AE D€lft, schæmakerstraa¡.97,2628 VK Derfr, The Netherlands

(First received 20 May 1989 and ín fnat lom N May 1990)

Aùctl¡cr-The filter material uæd in.high-volume sampling of ambient airbome particles was investigatedfo¡ its influenæ on mutagenicity and p-AH 
"ont"nt 

otit 
"'pãrU.ì"..I he partlc¡s were collected simulta.neously with.qlas-frbre filters (G filters) and Teflon filters (T filters) orTeflon-æatedfilters(Tcfilters). samptingwÁeniä ourliii.". 

"ìã¡r**ír*"ti"i. i"'.ä,ï ñ"d;;i;;í.d;.The use of G firte¡s read to srighitv Érgher muragenicity l" 
"rrãrr "I erp".im"nrs. tn'ãaliü;;ösample collæted with this filter maierial containeã ruuíu"riuiiy ilgrt"r ôonæntrations o¡ r-h"- l"*;,molæular weight PAH which are oartly presrt in_th€ va?ouiftr".a1 In aontrast some experiments revealedslightly lower conæntrarions of-non-väratire pAH ;räh ;;;;rive ro chemical ønversion underatmospheric conditions.

A multivariate.analysis of the conæntrations did hardly show any influenæ of the filter material. Thcmainlactor afecting the PAH profile was volatility; facror ánalysisieíealeo ctr.ri*l ,.""ii"ityä" ä""i
The difrerenæs betwæn the conæntrâtions ofthe voratire pAH mn be exprained by the lower presruredrop acros-the G fihers, resulting.in^Iæs artifactual 

";p;;;i-. In addirio;, ád;;rpiil;ffi;;compounds from the gas phas on this frlter material was found.'I he ¡atter phenomenon mav arso exprain the difrerenæs in mutagenicity, æ it hæ bæn shown that pAH
adsorbed on glass-fibre matãrial _react with gaseous ui, 

"o.fãn"nt. 
to fom mutag€ns. The lowerconæntrations of non-voratile pAH. on the.G ñrters points airectry to conversion 

"hi"î;;y ;ñ";;;;contributed to the difrerenæs in mutagenicity.

- It is not posible to dæide whetherthi chemical conversion on the T and the Tc filters (demonstrated withfactor analvsis) hæ an arifactual orþn or takes pla;i;iil;ñ;";i 
"¡, 

¡"r"." tr," 
"üi."üi;;i;füï;It is concluded, thar the difrerenæs inmutagenièity between tr,e-Álä.."t"r¡ur. ui";;;-.fr;ìiläñ;;

the use ofT or Tc filtem instead ofG filrers i-n mutágenicii, -t"ãi.ì.-
The adsorption ofvolatile PAH on filter material ma-kes it ún.rrr"in to *hur 

""tent 
high-volume samplingby filtration leads to over- or underestimation ofthe volatile iÀH pi"*nt n ur" p"rti"uî"t" pr,ì*" ort'r,ãì¡.1
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with respect to the compounds that are not mutagenic
themselves, but influenc¿ the response of the muta_
genicity test.

Concern about these artifacts is in first instance
caused by the ûnding, that polycyclic aromatic hydro-
carbons (PAH) are apt to artifactual conversion dur-
ing sampling (Lee et a1.,1980; Grosjean et al., l9g3;
van-Cauwenberghe er o/., 1980; BrorsirOm er cl., Úg3¡.
Artifactual conversion of pAH bears relev¿nce tå
mutagenicity for three reasons.

Firstly, a number of pAH are clear+ut mutagens
orþnd carcinogens (NRC, 1983; Dipple, 1976). Hãw_
ever, it seems improbable, that a decrease of the
contribution ofPAH to mutagenicity will significantly
affect mutagenicity of the particles. StudieJ aimed at
the identification ofthe mutagens have shown that the
PAH contribution is only small (Siak et al., lgg1;
Alfhein, 1982; de Raat, 1988).

Secondly, the products arising from the pAH are of
importance. Upon exposure to ambient air, pAH can
be transformed into nitrated and oxygenated species
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(Nielsen et al.,1983; Pitts, 1983, 1987;Yaleno et al.,
1984; Nikolao et a1.,1984; Miguel, 1984). These com-
pounds, in particular the nitrated on€s, can be strong
mutagens (Rosenkranz and Mermelstein, 1983). A
number of authors have reported their presence in the
particles and nowadays it is generally believed that
they at least strongly contribute to the mutågenicity.
Therefore, it cannot be ruled out, that artifactual
conversion of PAH leads to strongly mutagenic com-
pounds, and so affects the mutagenicity ofthe extracts.

The similarity in chemical structure of PAH and
mutagens brings us to the third reason. Similarity in
structure may imply similarity in reactivity. Conver-
sion of mutagens can be expected if conversion of
PAH occurs.

The present paper describes a study in which arti-
factual changes of mutagenicity were investigated
alongside artifactual conversion of PAH.

So far two studies have provided clear indications
that artifactual conversion of PAH depends on the

filter material used (Lee et al., l980l. Grosjean ef al.,

1983). Higher concentrations are found when particles

are sampled with Teflon filters (T filters) or Teflon-
coated glass filters (Tc filters) instead ofthe traditional
glass-ûbre filters (G filters) or quartz-fibre filters.
These results strongly suggest (stronger?) artifactual
conversion in the latter two types of filters.

rüe carried out a series of cxperiments in which the
particles were sampled simultaneously with G filters
and with T or Tc filters. So a sampling condition
known to affect PAH concentrations was varied. The
objective was to confirm this artifactual conversion of
PAH and to investigate whether it is accompanied by
a change of mutagehicity.

METHODS AND M.1,TERIAI.S

Sampling

The particles were collected with Sartorius HV 100 high
volume umplers and three types of filters; Sarto¡ius SM
I 3¿100 glass-fibre filters (G filters) Sartorius SM I 1 842 Teflon
frlters (T filters) and Pallflex T60 420 frlters made of glass-
frbre material with a Teflon coating (Tc filters). G filters were
clæned by Soxhlet extr¿ction with methânol; other filters
were u*d without any pretreatment. The diameter of the
frlte¡s was 25.7 m.

Preliminary experiments showed that the T and Tc filte¡s
had to b€ supported by G filters beeuæ oftheir fragility. For
this reason every sample wæ taken with a double ûlter, i.e.

every filter with particles was supported with a G fllter. In a
number ofexperiments th6e under filters were also extracted
for fuft her invætigation.

Sampling wæ caried out at thG lmtions: D€lft, on the
TNO-Zuidpolder terain to thc southaæt of the town, at
ground level; Blijdorp, in Rotterdam Zoologiæl Garden, at
ground level; Lekhaven, on the roof ofan old factory in the
seaport area of Rotterdam, at an altitude of about 50 m. The
sampling locåtions â¡e indicated on the map (Fig.1). The
filters with particles were stor€d at -80'C.

Further details about smpling are given in Table 1.

Extrrc,ion
Within a few days of smpling the filters with particles

were extracted for 8 h (about 20 cycles) in a Soxhlet appar-

atus with methanol (Råthburn, HPLC-grade) in the dark.
During extrâction the ai¡ in the Soxhl€t apparatus was
replaced by nitrogen. The solv€nt was removed from the
extrâct with a rotation evaporator (30"C, in the dark and
under reduced pressure). The ¡æidues were disolved in
dimethyl sulphoúde (Merck, A.R.) for mutagenicity testing.
The original extracts, or in some experiments the residues
dissolved in methanol, acetone (Nanogr¡de) or dimethyl
sulphoxide, were analyzed for PAH. The dissolved residues
were stor€d at -30"C or -80'C.

Mutagen¡cíty tesling

The residues dissolved in dimethyl sulphoxide w€re tested
for mutagenicity with th€ S¿¡mn¿lr¿/microsome test as

de*ribed by Amc et al.(l97ilndMaron and Ames (1983).
All mmples were tested with strain TA98; in some ex-

Þeriments we also applied strain TA98NR, a nitrore.ductaæ
deficient derivative of TA98 (Rosnkranz and Memelstein,
1983) and strain TAl00. All samplm were tested with and
without a liver 59 fraction prcpared from rots treated with
500 mgkg- I of Aroclor 1254, ac¡ording to the procedure of
Amæ et al. (1975).

Teting wæ erried out in such a way that comparison of
filter matcria¡s and comparison of rcsults with and without
59 fraction is not hampered by the inter-test variation, i.e. the
variation ofrcsults obtained on difrerent days, with difrerent
cultures and difrerent batches of materials. All doses were
test€d in duplicate and were added to the plâtes in the sam€
volume (0.1 ml). The colonies ofhistidine prototrophics were
counted with a New Brunswick Biotran II automated colony
counter,

Detemimt¡on of PAH concentrat¡oß

Th€ conæntrations of PAH we¡e determined with re-
versed-phase high-performancc liquid chromatog¡aphy (RP-
HPLC). Stationary pha*: Supelcosil LC-PAH (250

x4.6mm); mobilc phase: gradient from 75 to 100% meth-
anol in water; det€.ction: fluorcwnæ, excitation 250 nm,
emission > 390 nm; identifrcation and quantificalion on tha
bæis of chromatograms with external standards.

The concentrations of the following PAH were deter-
mined: Phenanthrene (PHE), anthraæne (AC), fluoranthene
(FL), pyrene (PY), ben4¿)anthraæne (BAA), chryrene (CH),
benzo(¿)pyrene (BEP), perylene (PE), bemdö)fluoranthene,
benzo(lc)fluoranthene (BKÐ, benzdø)pyrene (BAP), benzo-
(9,¡¡,i)perylene (BGH), indendcd)pyrene (IP) and anthan-
th¡ene (AN).

Mùtivatiate analysís

The PAH profile, i.e. the proportion of the PAH conæn-
trations, was investigated for its fluctuation with two multi-
variate techniques: principalømponent analysis with the
correlation matrix and factor analysis with orthogonal rota-
tion aæording the varimax criterion (Monison, 1972;
Thomas, 1986).

Rf,SULTS

Mutagenicity

In all 17 experiments both types of upper ñlters as well
as the G filters under the T or Tc filters have been

tested for mutagenicity. In addition other extracts
have been tested in several experiments: those of the
filters under the G filters and combined extracts of
upper and under ûlters for the "G samples" as well as

for the "T or Tc samples".



Filter materials used for sampling

Table 1. List ofexperiments carried out

Rrimpet
oBa.kcnr

BÊrgami

A'

dÞuó l

Start

Ex¡rriment Date Time Location Filterr

Air flow ¡ate

(m3 ¡- t¡

8
9

l0
ll
t2
l3
t4
15

16
t7

19-04-84 16.30 Delfi
25-04-84 10.45 Delft
09-05-84 11.m Delfr
22-01-85 11.00 Lekhaven
23-01-85 11.00 Lekhaven
24-01-85 11.00 Lekhaven
23-10-85 11.00 Btijdorp
30-10-85 t l.t5 Blijdo¡p
0ó-11-85 10.50 Blijdorþ
l3-l l-85 I l.l5 Blüdo¡p
20-l 1-85 I t.l5 Blijdorp
27-11-85 10.55 Bliidoro
0/.-12-8s I1.20 slú¿or;,
20-l l-84 10.45 Lekhaven
2l-ll-84 10.45 Lekhaven
09-01-85 11.00 Lekhaven
21-01-85 11.00 Lekhaven

Tc
Tc
Tc
Tc
Tc
Tc
Tc
Tc
Tc
Tc
Tc
Tc
Tc
T
T
T
T

50
1m
80
ó0
ó0
60

1m
t00
lm
t00
lm
100
100
90
û
80
ó0

Fig. l. Location of the sampling sites

- 
r¡ilter:.in every exp€riment the indi€t€d ñlter (Tc for Teflon-coated glass-fibre and Tfor Teflon) was compared with a glass-ñbre filter. Sampling Iuit"¿ Z¿ f,.



ïA 98 with S 9

180 W. K. DE R¡er ¿t ¿1.

Exp.4

Exp. 5

Exp. 16

3
E

d

b
G

!
C
(J

Exp. O t
oÉ

ï

,/ y'.
')4 ß,¿

0tr¡ß

+ m3 eq. per plqte

Fig. 2. Results o1 the Sølmnella/microsome t6ts with the extracts of the filters; the five complete
experiments (s€€ t€xt).
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. 
Five experiments were complete in the sense that all

srx exûacts were tested; Fig.2 depicts the results of
these exp€riments obtained with sirain TA9g.

At first observation the figure reveals that the
mutagenicity does not strongly depend on the type of
filter material, whether determineã in the presence or
absence of 59 fraction. At a closer look, extracts of T
orïc upper filters appear to be somewhat less mutag-
enic than those of the G upper filters. In sorie
experiments this diference decreases ifthe extracts of
the under filters are added to those of the upper ones;
in others the combination ofextracts does not seem to
afect the difference. No signiûcant mutagenic effects
were found with the extracts of the undei filters.

In general, the other (.incomplete,) experiments
contrm the results of the complete ones. Ii some of
them larger diflerences between the effects ofthe upper
fillers were found; results of these are depicted in
Fig.3. 

-Others 
surprisingly produced clear mutagenic

effects for under extracts; this is exemplified by rÃults
depicted in Fig.4.

The results obtained with the two other strains did
not differ much from those obtained with strain TAgg
with respect to the comparison of the filter materials.
The use of the nitro-reductase deficient strain lead to
substantially lower efects, in particular in the absence
ofthe 59 fraction. This clearly points to an important
contribution of compounds the mutagenicity oi which

Filter materials used for smpling

per ptote

is due to bacterial reduction of their nitro group. As
expected (see de Ra t et al., lggg) we found that tire 59
fraction affects the response diflerently if TAl00 is
used; a clear increase of the effect in this st¡ain,
whereas a decrease or no influence was found foi
strain T498.

We have tested blank extracts of the ûlter materials
on several occasions. The results are not presented in
detail. Only the ext¡acts obtained with tire Tc filters
showed a slight mutagenicity. However, the doses
needed for a clear effect were so high that blank
mutagenicity cadnot have influenced the comparison
of the materials.

PAH concenftations

Table 2 lists the pAH concentrations for the six
experiments in which the extracts of the two upper
filters as well as those of the two under filters were
analyzed, We did not analyze the extracts of the
second and the third experiment.

A striking finding is the presence of the more
volatile PAH in the under filters. Relatively (compared
to the upper filters) large amounts we¡e found. ihe T
and Tc material differed from the G material with
resp€ct to this phenomenon. Larger amounts of
benz(a)anthracene and chrysene (in rõ.e 

"*p".i..nt,also pyrene and/or fluoranthene) were found in the
extracts of the under ûlters of the T or Tc samples;

181

Exp. 8
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I

I

TA98 with 59 lA98 wiihout 59

ø"
ø"

r l a l "l'

ß'

tl¡f'Erp. l0

Fig.3. Results o1 the sarmonertatnicrcsome tests with the extracts of the filters; incomplete ex-periments (w rext) showing cleár ¿in"r.""." U"i*åîü^Ëöä;"pp"r Tc or upper T filre¡s.
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TA98 with 59 TA98 without 59

ê 6r[ß
ð Ff!fi
'tß
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,ro

--> m3 eq. per ptote

Fig. 4. Results of the Salmnellalmicrosome t6ts with the extracts of the filters; incomplete ex-
perim€nts (se text) showing cleâr efrects of unde¡ filters (G filters supporting the upp€r filteis).
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trac€s of the non-volatile PAH were also found in
these extracts.

In general the upper G ûlters contained larger
amounts of the more volatile PAH, in particular
fluoranthene and pyrene, than the upper T and Tc
filters.

The analysis of the under filters of the G samples
was omitted in the other experiments. The results of
these experiments are not presented in detail. They
conûrm those of the 'complete' ones in the sense that
relatively high concentrations of the more volatile
PAH were found in the under filters of the T or Tc
samples and that the concentrations of these PAH
were higher in the upper G filters.

The comparison of the filter materials is of course
affected by any difrerence in flow rate between the
samples or by any differences in dilution betwecn the
extracts. \Ve may use the concentrations of a suppos-
edly non-volatile and stable PAH to correct fo¡
such differences. In that case we assume, that volatility

and reactivity are the only factors affecting the differ-
ences between the amounts collected by the two
samples of an experiment. Furthermore we assume
that the amounts sampled of this 'correction' PAH
are not affected by these factors. We used
benzo(å)fluoranthene (BBF) for this purpose. The
conc€ntrations of this PAH can be easily determined
with HPLC and relatively high concentrations ofit are
found in the particulate phase of ambient air. Several
studies (de Raat et ø1., 1987a) made clear, that it is not
present in the gas phase passing the filter. Nielsen
(1984) showed that it belongs to the group ofvery inert
PAH. A possible influence ofthe 6lter material can be

expected to be much stronger for PAH like BAP,
which is much more sensitive to chemical conversion,
and PY, which is present in the gas phase as well as the
particulate phase of the air.

The concentrations were divided for each sample by
the BBF concentration of that sample. Then we
calculated the ratios of these 'normalized' concentra-

o
.a

',:/ta



Table 2. Conæntrations of the pAH in the extracts of the filters

Exfrcriment I Experiment 4 Exp€riment 5 Experiment 6 Exporimsnt 16 Experiment I ?
PAH Tc U-Tc G U-G Tc U-Tc c U-G Tc U-Tc U-G Tc U-Tc GU-GTU-TGU-GT G U-GU-T
PHE
AC
FL
PY
BAA
CH
BEP
PE
BBF
BKF
BAP
BGH
IP
AN

äi 3:3i åîå 3:åî d.:å å13 ilå î;i 3.?3 Äffi l.i: lg lg l* l.ll ?t1 ?.1s 3s6 ,1.2s 366 3.60 148 467 156äI 3îå î:åt &gt îli t:tg ,&?t t¡s iä ¡;n rjr e:li e*í iï, i{i fji ii} äi Z::,t t;i9 3:# ååå î,;îl åååîï3 3i3 i:iz '¡n )ti :å? 'î:: 1;1:, ¡ii 1:1i i:ü în ifr i,rt iü !:ü ij? itri ,äz e;?l ?'ffi 3.?å i+? g.$
î:åi &¿3 it B:,å ?g ¡.ff ttr t;ß r:* l:1i; i;,: "y Ín iïi ï.i{ i:i íii Z:21 äiî i11 å3i !:if 1:11 Í:iil:31 îfl i:?l Bf ïy, Biå ?1i SH t;.:1 1'lt t,i ö:q ii i.ü i,fr i;il iiå ä, ,t:?i 

ååi î3i å?3 )$ #ttr:iZ å:ll iü o:, låi 3'* #l y LZI ;4 2I "_: ïä ifr i:il Bil ïi^ 
,ó31 iII of å# ffi ?:13 S:?li.t6 0.13 3.0e < 3.08 0.16 z.4s ; õit -. 

o.u0.44 < 0.30 ¿0;.6; ö.ôå6:;;:ä:Ìi:8fi:Ä.li nñ 3:l:1.11 :1r .|1;-1 i;; "':
9.21 0.01 0.27 < 0.33 < 0.39 < 0.55 < 0.621i¿ Bü i{, 3.Bt iÅl Bå: tX : iH t*i I2 ì iÍi üi ijí : t.iå oõ, il' oo., îï oil ?* :äi 3tr låt y 33, 3:3f lÍi : 2ì.,¡ 1.I? ifr ì i.ii ör tä : ;ii ffii i13 &3t ä 3tr i21, :,;ll 

f,îå 1:# : ly^ 3.î! ï3å j ili I13 iä : !ít Lü ä Í 1:"ä &Bl 1:tri BBi ly 3Bl i:îl :4.54 0.r5 3.89 < 1.35 0.09 2.03 2.16 0.14 3.06 < 4.2O < 4.g1
a-J t u,ul ¿.ól
3.86 < 4.521.18 0.08 3.36 < 3.r8 0.12 2.89

-099 0.0ó 1.34 < t.s1 0.0e L67 . j:õi : < 3.22 < 3.720.32<0.15<0.38 0.3t<0.12<0.15 < o.lt 0.13 < 0.50
4.ß
0.54

11

=

È
õ'

5
!
7< 0.31

Conæntmtions in ng n-¡.
< : Conccntration below detætion limit.
Tc : Teflon*oated glass fibrc.
T : Teffon.
G : Glass fibre.
U : Support (unda) filter-

€(,
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tions for each experiment, i.e. the G/T or G/Tc ratios.

These are listed in Table 3. The dependence on ûlter
material of the PAH concentrations can be easily
observed from this table. -

For most of the non-volatile PAH the ratios do not
difier much from unity, which indicates the absence of
a dependence. Only in the case of AN, which is very
sensitive to chemical conversion, clearly higher
amounts were found in some T and Tc extracts. High
ratios were found for the mor€ volatile PAH.

The normalized concentrations are summarized in
Table 4.

Multivariate techniques were used for comparison
of the filter materials with regard to the variation of
the PAH profile (the relative conc€ntrations of the
PAH). The results are listed in Table 5. Principal-
component (PC) analysis reveals a high correlation of
the concentrations ofthe less volatile PAH (PAH with
more than four rings) with the first PC. The signiñcant
variance of the second PC appears to be mainly the
result of an extra source of fluctuation for the more
volatile PAH. The results of the PC analysis do not
diFer much for the two filter materials.

Factor analysis with varimax rotation points to a

clear separate factor affecting the conc¿ntrations of
the more volatile PAH. In case of T and Tc filters, this
factor is also manifest for BAA and CH, whereas the
PHE concentrations seem to be more strongly affected
by this factor when a G filter is used.

If we consider the results of the factor analysis for
the less volatile PAH we find a clear separate factor in
case a G filter is used, which affects the concentrations
of PE, BAP and AN. As the results are inhuenced by
the strong 'volatility factor', a separate analysis was

carried out for the concentrations of the less volatile
PAH. Then the two groups of samples yield nearly
identical results.

DISCUSSION

Mutagenicity

The results ofthis study show that the use of T or Tc
ûlters instead of G filters consistently leads to slightly
lower mutagenic effects of the collected samples. We
may call the difference reassuringly small, as the great

majority ofthe studies on the mutagenicity ofairborne
particles have been carried out with G filters. Al-
though the difrerences do point to artifacts (see below),
they do notjustify a drastic reævaluation ofthe results
obtained with G ñlters so far. It can even be ques-

tioned whether they provide convincing arguments for
the use of T and Tc filters in future studies. As these

filters h¿ve a much greater air resistance and are more
difficult to handle because of their fragility (at least in
our hands), G ûlters may even be preferred.

The value ofthese conclusions depends ofcourse on
the representativeness ofthe particles sampled and the
conditions during sampling. Although 17 experiments
were carried out, spread out over three locations in
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Tablc 4. MÐs of the pAfI @nmtntions nomaliæd for the BBF conmtntions

PAH
filter

PHE AN FL PY BA CH BEP PE BBF BKFT G T G T G 1 G T G T C T G T C TG T G
BGH

TG
ÄN

TG
BAP

TG
IP

TG
0'05 0'08 09s 2't3 0.'16 l-30 0.56 0.67 0.95 1.12 0.61 0.57 0.n 0.ll I I 0.43 0.43 0.63 0.62 l.O5 t.o6 0.77 o.r8 ;;;

s 0.28 0.35 0.04
i 0.49 0.74 0.02
Exp. 1,1-17

s 0.2t 0.24 0.0r
r 0.63 0. 0.&
Exp. l,4-13. 14-17

s 0-27 0'35 0'04 0'05 0'47 0'86 0'32 0'6? 0'18 0'16 o'24 0.16 0.08 0'09 0.03 0.03 o 0 0.02 0.03 0.13 0.t8 0.1? 0.19 0.10 0.10 0.05 0-06

r 0.68 t.04
Exp. l, 4-13

0'06 0'49 0'87 034 0'71 0.19 0.15 0.25 o.t7 0.05 0.07 0.02 0.03 0 0 0.02 0.03 0.13 0.17 0.15 0.1? 0.10 0.10 0.02 0.060.04 0.63 t.4 0.4r o.8e 0.3e 0.56 0.75 0.e8 0,6e o.6s 0.r0 0.0e I r 0.,() o.4r o.47 ;.;; il; ili ;ä ;.ä å.üí o.o,

002 037 0'70 0'20 0'50 0'04 0'15 0'17 0.04 0.11 0.10 0.04 0.03 o 0 o.ot 0.03 0.06 0.08 0.11 0.10 0.0ó 0.06 o.0l 0.010'07 0'86 l'94 0'45 t'19 0.52 0.64 0.89 1.08 0.ó2 0.60 o.lr o.rt I r 0.42 0.42 0.59 0.57 0.99 0.99 0.75 0.75 0.10 0.09

i

åååååå'ggåååååååÈåå,åååígåågg¡ 

å

ååååå ååíåsgå,åååä åågíiåilíå H

T : T or Tc filter.
G: G ûltcr.
i : Mea¡.
s : Stand¡rd dcviatiotr ofi.
Sæ lext and sùbsøipt of Î¡ble 3 for ûomalizþtion pr@durc.
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Table 5. Multivariete analpis with the PAH concentrations
All PAH and all cxp€riments

Principal-component analysis
PC I PC2

TGTGT
Factor analysis with varimax rotation

Factor I Factor 2
GTG

Factor 3

PHE
AC
FL
PY
BA
CH
BEP
PE
BBF
BKF
BAP
BGH
IP
AN

0.86
0.57
0.69
0.59
0.86
0.86
0.83
0.83
0.88
0.93
0.94
0.92
0.85
0.88

0.87 -0.13 -0.,m0.66 -0.69 -0.640.ó9 -0.?0 -0.ó50.59 -0.67 -0.690.90 -0.34 0.10
0.95 -0.35 0.02
0.79 0.42 0.51
0.84 0.43 0.31
0.89 0.31 0.32
0.94 0.33 0.30
0.93 0.22 0.03
0.93 0.31 0.28
0.96 0.27 0.24
0_80 -0.12 -o.21

0.50 0.43 0.38
o.02 0.08 0.ó8
0.16 0.23 0.94
0.16 0.15 0.98
0.43 0.64 0.63
0,49 0.81 0.81
0.97 0.99 0.U
0.84 0.62 -0.030.95 0.94 0.25
0.94 0.91 0.25
0.81 0.58 0.23
0.90 0.80 0.20
0.91 0.85 0.27
0.53 0.25 0.39

0.62 0.71 0.41
0.u 0.30 0.35
0.94 0.19 0.t9
0.98 -0.03 0.10
0.23 0.24 0.42
0.47 0.23 0.26
0.05 -0.04 0.06
0.04 0.24 0.ó3
0.26 0.11 0.19
0.22 0.17 0.30
0.33 0.36 0.71
0.12 0.20 0.51
0.22 0.22 q.41
0.36 0.33 0.84

Variance of PCs (o/o) 70.0, 71.ó, 18.0, 15.9

PAH with more than fou rings; all €xperiments

BEP
PE
BBF
BKF
BAP
BGH
IP
AN

0.34
o.76
0.28
0.36
0.46
0.44
0.3ó
o.24

0.90
0.50
0.89
0.82
0.55
0.66
0.75
o.29

0.95 0.25
0.48 0.41
0.92 0.33
0.86 0.41
0.48 0.62
0.70 0.49
o.79 0.53
0.18 0.92

0.10
0.49
o.29
0.39
0.71
0.54
0.51
0.9ó

0.25
o.73
0.20
0.30
0.43
0.36
0.29
0.19

T: T and Tc filters; G: glass-fibre filters. The table lists the factor matric€s and the varianæ of the PCs as per€ntage of
the summed varianæ.

and that they could demonstrate changes of mutage-
nicity due to residence of the particles in the air.
Comparable results (as regards the inñuence ofexpos-
urc time) were obtained by de Raat (1983) and Fitz
et al. (1984).

The influence ofartifacts can also be investigated by
exposing particles on a filter to particle-free air or by
adding reactive gâs€s to the air before it reaches the
ñlter. The first set-up wâs followed by Fitz et ø1. (1984)

who did not find any influence. Brorström et al. (1983)

reportcd a dramatic increase of the mutagenicity upon
adding I ppm of NO2, probably contaminated rvith
traces of nitric acid. However, they did not present
detailed mutagenicity data.

So, these sct-ups have lead to conflicting results. The
absencc ofany indications for artifacts in the studies of
Pitts e¿ ¿1., de Raat and Fitz et al. and clear effects in
the study of Brorstrðm et al.

In our opinion, the evidence fo¡ substantial artifacts
is still very meagre and up to now there is no reason to
expect that studies on the mutagenicity ofthe particles
are seriously hampered by such artifacts. However
more studies are needed for definitive conclusions.

It is hard to think of any other explanation for the
slight differences encountered in the present study

besides artifactual conversion of compounds which
determine the mutagenicity.

Difrerences in flow rate can be excluded because this
variable was thoroughly checked at the beginning and
the end of sampling.

The possibility that T and Tc filters need a more
intensive extraction was investigated by extracting
some filters twice and separately testing the extracts,
This did not result in significant effects for the sec-
ond extracts, which indicates that all relevant com-
pounds were present in the first extracts (results not
shown).

The mutagenicity of support-filter extracts might
point to an incomplete retention of the mutagens by
the uppêr (T or Tc) filters. The PAH analysis of the
support-filter extracts renders this possibility highly
improbable. Hardly any non-volatile PAH could be
demonstrated in these extracts. As these PAH and the
mutagens are found in particles with the same aero-
dynamic-diameter range th€ absence of these PAH
implies the absence of mutagenic particles.

The presence ofmutagens in the support filters may
be explained in another way. For this we have to
anticipate on the discussion of the results of the PAH
determinations for a second time. A most striking
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PAH in the particles. The adsorption shown by us
questions this assumption.

The multivariate analysis clearly revealed the influ-
ence of volatility on the PAH profile. This may be a
reflection ofboth a fluctuating artifactual evaporation
and fluctuation of the gas/solid ration before sam-
pling. It is not possible to sort these causes out.
However, the large diñersnces in the concentrations
b€twe€n the filter types, which are undoubtedly the
re.sult of artifacts, are not at all reflected in the
multivariate analysis. This suggests that the,volatility
factor' found with this analysis is caused by .pre-

sampling fl uctuations'.
The concentrations of the less volatile pAH, i.e.

those that are completely sampled by filtration
(Thrane and Mikalsen, 1981; Keller and Biddleman,
1984; de Raat et al.,1987a), are, as the present study
shows, hardly influenced by the choice of the ñlter
material. The normalization for the concentration of
the rather inef benzdå)fluoranthene brings small
differences to light. These can only bc caused by
convcrsion after they have been trapped on the filter.
This is confirmed by the link with chemical reactivity
ofthc dif€rcncæ. The results, thereforg confirm those
ol Læ et øL (1980), Grosjcan (1983) and Alfheim and
Lindskog (1984), although in our case the differcnccs
bctwccn the filter materials were only marginal. How-
ever, these authors did not report a link bctwccn
chemic¡l reactivity of thc PAH and the influcncc of
filter material. Somc authors could not demonstrate
conversion ofPAH due to the filter m¿terial (Grosjcan
et al., 1983; Fitz et al., 1984).

Clear evidence for artifactual conversion is pro-
vided by the studies ofMiguet and Andrade (1986)ãnd
Brorström et al. (1983). The former expos€d the filter
after sampling to particle-free air; they did find a clear
link with reactivity of the PAH. The latter added NOr,
probably with traces of nitric aci{ to the air before it
passed the filter. Experiments ofGrosjean er al. (1983)
also pointed to the importancc ofthe presence ofnitric
acid in the air.

The multivariate analysis provided an additional
indication for conversion. As we have found in an-
other study (de Raat, 1987b), one clear separate factor
affected the concentrations of the more reactive pAH
in particular. However, we did not ûnd a dependence
of this factor on filter material. Thereforg we cannot
conclude it to be linked with artifacts. It might as well
be the result of conversion in the air before sampling.
Nielsen et al. (1988) and de Raat et al. (l9ï7b) have
demonstrated that non-volatile PAH are indeed con-
verted during thei¡ residence in the air. They com-
pared PAH profiles of samples collected at different
distances from source areas and found a decreasing
share of the more reactive PAH in the profile with an
increasing distance.

Nevertheless, the fact that a 'conversion factor' is
found with the T and Tc frlters must make us alert to
the possibility ofartifactual conversion on these filters.
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outcome of these determinations were the relatively
high concentrations of volatile PAH in the support
ûlters. Also in this case the absence of non-volatile
PAH rules out the possibility that the presence of the
volatile ones is the result of incomplete retention of
particles, which leaves adsorption to the filter material
from the gas phase as the sole explanation.

Several studies (Pitts er ø/., 1978, 1980; de Raat,
1983) have revealed, that benzo(a)pyrene adsorbed to
glass-fibre material is very sensitive to chemical con-
version upon exposure to particle-free air, the resul-
ting products being highly mutagenic. The same may
hold for the volatile PAH adsorbed to the glass fibres
of the support filter, which would make these ûlters
mutagenic.

The presence of the volatile PAH themselves does
not provide an explanation for the mutagenicity.
These compounds are generally very weak mutagens
and their effects are strictly dependent of the presence
of a rat-live¡ homogenate in the mutagenicity test.

Djrec! adsorption of mutagens from the gas phase
by the glass fibres is improbable. de Raat et al. (1987ø)
have investigated the mutagenicity of the volatiles
passing the filter by mounting the adsorbent poly-
urethane foam undcr the ûlter. No volatile mutagens
could be demonstratcd, while the volatile pAH were
completely samplcd with thc foam.

The mutagenicity ofthe support filters may provide
an explanation for the differences in mutagenicity
bctween the upper filters. Adsorption and conversion
ofvolatile PAH will also occur in the glass-fibre upper
filters. The ræulting mutagenicity then explains the
slightly higher effects obtained with these filters. rile
did not use T or Tc ñlters as support filters. Therefore,
it remains unknown whether or not adsorption and
conversion contributes to the efects of these filters as
well.

PAH

The present study shows striking differences be-
tween on one hand the G filters and on the other the
T and Tc filters for the concentrations of the volatile
PAH (anthracene, phenanth¡ene, fluoranthene and
pyrene). An obvious explanation is offered by the
greater air resistance of the latter two types which
results in a greater pressure drop and consequently a
greater loss of particulate PAH due to evaporation.
The greater the air resistance of the ñlter the less
suitable it is for the determination ofthe volatile pAH
present in the particulate phase.

Another explanation is offered by the relatively high
concentrations in the support filters. As argued above
this is most probably caused by adsorption of gases
and will also take place in the upper filters. The lack of
knowledge about the adsorption by the T and the Tc
filters makes it impossible to distinguish the contribu-
tions of both artifâctual evaporation and adsorption.
Up to now it was generally assumed that sampling by
ñltration leads to an underestim¿tion of the volatile
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Definite conclusions can only be drawn after the
influence of these materials on the PAH concentra-
tions is further investigated.

coNcl,ustoNs

The study leads to the following main conclusions.

Sampling of ambient airborne particles with T or Tc
filters instead of G filters leads to slightly weaker
mutagenic effects.
The authors find the differences in mutagenicity too
small to justify a drastic reevaluation of the results
obtained \ryith G ûlters so far. Neither do they
provide a convincing argument for the use of T or
Tc filters in future studies.
The differences are probably caused by conversion
of components on the filter.
Gaseous PAH ¿re adsorbod by glass-fibre material.
The conversion of these adsorbed PAH to mutag-
enic derivatives during their exposure to particle-
free air provides a probable explanation for the
difrerences in mutagenicity.
G filters lead to much higher concentrations of
volatile PAH due to adsorption by the G ûlters and
stronger artifactual evaporation (blow-off) from the
other typ€s.

Concentrations of more reactive PAH can be
slightly lower if G ûlters are used instead of the
other types, which points to artifactual conversion.
The variation of the PAH profile points to conver-
sion for all three types offilter materials. It is unclear
to which extent this is caused by artifactual conver-
sion or conversion in the air before sampling.
The possibility that artifactual conversion of PAH
takes plac€ on the T and the Tc ñlters c¿nnot be
excluded.
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ABSTRACT

This paper reports the use of polyurethane foam (PUF) in the sampling of airborne mutagenstoo volatile to be retained by glass fibre filters. Air was sampled simulianeäusly with a glass fibrefilter and PUF plugs, and the two extracts ofthe samples were tested for mutagenicity and analysedfor polycycÌic aromatic hydrocarbons (PAH). As PU-F itself was found to conlain mutagens, it \4,asthoroughly rinsed, and a blank extract of the same PUF used for sarr,plirrs *"" t""ted as a control..The resulting blank extracts were not mutagenic.
In the fi¡st series of experiments, in which methanol was used as the extraction solvent,sampling induced clear-cut mutagenic effects in the PUF extracts. As the mutage;icity ofthe pUF

itself appeared only with the use of methanol or other alcohols as extraction-solvents, a second.
series of experiments was carried out in which acetone was used as the extraction solvent. In theseexperiments sampling induced no mutagenicity in the extracts. The discrepancy between the twoserie"' of experiments may be due to the absence of volatile mutagens in-the second series, butanother explanation may be an artefact induced by the solvent in the first series. Additionalexperiments suggest that sampling induces the formation, from puF, of compìuna" mutagenicupon extraction with methanol. The study leads to the provisional conclusi; that ¿o volatilemutagens could be demonstrated in ambient air sampled by the use of pUF as an absorbent,notwithstanding the clear-cut effects of the filter extracts and the presence of volatile pAH in thePUF extracts.

INTRODUCTION

The past decade has seen the publication of many studies showing that
ambient air particles contain mutagenic compounds p-s¡. tt"r" compounds
probably originate from the combustion of fossil and organic fuels. Combustion
emissions have been shown to contain mutagens [9-16], and the mutagens inairborne particulate matter, as well as those in the-emissions, have beenidentified as polycyclic aromatic hydrocarbons (pAH) and theiinitro or oxy-gen derivatives [9, 10, 12, 14, 16-25].

._ sampling of mutagens in ambient air is normally done with the aid of(Teflon-coated) glass fibre filters, which do not retain volatile compounds. Asfar as we know, scant attention has so far been paid to the sampring of the morevolatile mutagens in ambient air. For combustion emissions, ,.r"li 
"o*porrrd.are sampled with the aid of adsorbents, and samples obtainád by this method

have often been shown to contain mutagens ¡g, i0, 12, 18, 26l.

0048-9697/87/903.50 @ 19BZ Elsevier Science publishers B.V.
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It has also been shown 127-331 that glass fibre filters do not fully retain PAH
of low molecular weight (with fewer than five rings). Several studies have
shown however, that these compounds are trapped by plugs of polyurethane
foam (PUF) [32-34].

The presence of volatile mutagens in combustion emissions, in addition to
solid ones, and the presence of volatile PAH in ambient air, warrants a search
for volatile mutagens in the latter. The present paper describes such an inves-
tigation. Compounds not trapped on a glass fibre filter during the sampling of
ambient air were passed through PUF, and the extracts of the PUF and the
filter were tested for mutagenicity separately with the Ames test and analysed
for PAH. Our choice of PUF as the sorbent was based on its successful use in
the sampling of PAH, chlorinated pesticides and polychlo¡inated biphenyls
[32-40,44]. Its low air resistance and large sorption surface make it very
suitable for the sampling of large volumes of air.

METHODS AND MATERIALS

Polyurethøne foam

The PUF used was of the flexible polyether type and was not reticulated.
This type of PUF is normally used in upholstery, and has a density of
- 25 g dm-3. The PUF was cut into cylindrical pieces 7.5 cm long and 5 cm in
diameter. The pieces were cleaned by extraction with methanol or acetone in
a Soxhlet apparatus for 24la.

Sømpling

The air to be sampled was pumped frrst through a round glass fibre filter
(ó : 75cm, Sartorius SM 13400) and then through one or two PUF plugs. The
glass fibre filters were also cleaned with methanol or acetone. The flow rate of
the air was p 10m3h-1. Sampling was carried out at two locations: Lekhøuen,
on the roof of a building near the seaport of Rotterdam, and at Delft, at ground
level at the TNO measuring station for air pollution in the south east of Delft.
An earlier study [8] showed that particles in ambient air near Lekhaven are
highly mutagenic.

Extraction of the sømples

After sampling, the filter and the PUF plug were extracted separately with
methanol (Rathburn, HPLC grade) or acetone (Rathburn, glass-distilled) in a
Soxhlet apparatus for 16h. The solvent volume was reduced to 5-7ml under
nitrogen. Shortly before sampling, the previously cleaned PUF plug was ex-
tracted in the same way to produce a blank extract, the possible mutagenicity
of which could be compared with that of the extract of the sø¡ne PUF plug after
sampling.
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As the present study showed that puF itserf contains mutagens, severar
solvents were compared for their efficiency in extracting these ,i.,tug"rr..

Chemicøl ønalysis

A number of extracts were analysed for pAH using reversed phase high
pressure liquid chromatography (HpLc). The extracts were not subjected to*a
clean-up method but analysed as such. A gradient elution was appliãd ranging
from20o/o distilled water in methanol (Rathburn HPLC grade) tà toorl, metha-
nol. The PAH were detected by their fluorescence. They were iurther identified
and quantiûed by comparison of the chromatogram with that of a standard
mixture of PAHs prepared on the same day.

In one experiment the pAH (and some other compounds) were anarysed by
combined gas chromatography and mass spectrometry. The mass spectrometer
was a vG 7070 F, and the gas chromatograph a varian 1400 with a50m x 0.25mm fused silica capillary column coated with cp-sil 5. A solid
injection system was used for introduction of samples. The temperature of the
injection block was 350oc, and the oven was programmed to raise the tem-
perature from 120 to 320oc at a rate of 4ocmin-r. compounds were identified
by their gas-óhromatographic retention indexes and úy comparison of their
spectra with those in the literature.

Testing for mutøgenicity

The extracts were tested using the salmonella microsome test developed by
Ames and co-workers l4ll. satmoneila typhirnurium TAgg was used as the
indicator strain, and a liver homogenate (sg fraction) of male spf bred rats(cpb: wn; wistar random; 200 g) treated with Aroclor izs¿ *", used for meta-
bolic activation [41]; 50 pl of liver homogenate was appìied per plate. The
extracts derived from one sampling period were tested simultaneouÀty 1*itt i'one test procedure). If necessary, the extracts were diluted with acetone or
methanol. The volume dosed was always 0.1ml. All doses were tested in tripli-
cate.

RESULTS

Efect of the blønh P(JF extrøcts

_Preliminary experiments, in which methanol was used as the extraction
solvent, showed that blank extracts of previously creaned puF plugs were
sometimes weakly mutagenic at concentrations expected in air sampiing ex-
periments. The effect ranged from zero to three times the background when the
extract of - 10 cm, of PUF was tested, and was apparent only in the presence
of s9 fraction (metabolic activation). These resulis prompted us to investigate
the blank mutagenicity of the puF more close[y. The results, which we plan to
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Fig. 1. Mutagenicity of four PUF extracts prepared with different solvents. Concentrations of the
residues (mgml-r): methanol, 24.7; acetone,21.0; ethanol, 36.3; t-butanol, 22.2.

publish in more detail elsewhere, can be summarized as follows: The blank
mutagenicity of the methanol extracts is completely dependent on metabolic
activation. Liquid/liquid fractionation of the extract and testing of the frac-
tions indicated the presence of basic mutagens. The effect was much less
prominent in the TA98 1, 8 DNP 6 strain isolated by Rosenkranz and co-workers
[42]. This finding may indicate the presence of compounds metabolized to a
hydroxylamine that is acetylated by the bacteria to give a genotoxic com-
pound. All these results taken together led us to believe that the PUF extract
contains a mutagenic amine.

In the course of the investigation, we decided that the extract of cleaned
PUF and the extract of t}re same PUF after sampling should be compared for
mutagenicity. This procedure enables a correction to be made for any mut-
agenicity of the blank. It will be shown in the sequel that the blank extracts
were not mutagenic.

Another way of circumventing the problem of the mutagenicity of the blank
extract is to use a solvent of better cleaning power than methanol. We tested
distilled water, hexane, methanol, isopropanol, ethanol and acetone for suita-
bility in this respect. The results of an experiment with the four last-mentioned
solvents are shown in Fig. 1. Surprisingly, the effects of mutagenicity of blanks
was found only in the extracts with water and alcohols. It seems to be quite
independent of the extractive power of the solvents, and may thus well be due
to water and alcohols reacting with a PUF component to form mutagenic
compounds. We therefore decided to use acetone as the extractant for the
ambient air mutagenicity experiments carried out in a later phase of this study.
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An additional experiment showed that extraction with acetone removes a

large part of the mutagens or "premutagens" extractable with ethanol.

Mutøgenicity of PUF extrøcts ønd. filter extra,cts øfter sørnpling

Figure 2 shows the results of mutagenicity tests with methanol extracts of
PUF plugs and filters after sampling. It also shows the results for the blank
extracts of the PUF plugs. Preliminary experiments revealed that extracts of
cleaned glass fibre filters were not mutagenic. In one experiment two puF
plugs mounted one behind the other were used. This was also the experiment
in which the extracts were analysed with GC/MS. Both the extracts of the
filters and those of the PUF plugs showed clear mutagenic activity. In none of
the four experiments was an effect of the blank extract found., which clearly
indicates that the PUF-associated mutagenicity is d.ue to sampling and not tã
mutagens already present in the PUF plug before sampling. In one experiment
the PUF-de¡ived mutagenicity was even greater than the filter-derived mut-
agenicity. The second PUF plug also contained a considerable amount of
mutagenic extractables. Metabolic activation either had no effect at all on
mutagenicity, or increased it markedly. Although these experiments suggest
that the mutagens present in ambient air were absorbed uy ttre eur ptu!, it
cannot be ruled out that PUF-derived mutagenic activity is in part the result
of an artifact induced by sampling. The sampled air may well have contained
compounds capable of reacting with components of puF to produce mutagenic
compounds or compounds that react with the solvent to give mutagens. In two
experiments, cleaned PUF plugs were stored in clean air and in nilrogen. The
results (Table 1) suggest that the PUF so treated. liberates mutagens upon
extraction with methanol. For the experimental details, see the footnote to
Table 1.

These experiments may thus suggest that even the storage of puF plugs
leads to the formation of (pre)mutagens, possibly by degradalion of the puF.
It cannot be ruled out that comparable processes take place in accelerated form
when PUF is exposed to polluted air. Another reason for believing that the
mutagenicity of extracts is due to artifacts rather than mutagens absorbed
from air follows from the experiments in which the puF plugs were extracted
with acetone after sampling. In none of these experiments did sampling result
in clear PUF-derived mutagenic activity at doses which (Fig. B) induced a clear
effect when the filter extracts were tested. This is despite the fact that clear-cut
effects were found for the filter extracts. The results of the experiments with
acetone as the extraction solvent therefore indicate the absence of mutagens
absorbed from air by the PUF plugs.

Chemicøl anøIysis of the PUF filter extrøcts after sampling

In one of the experiments with methanol as extraction solvent, the extracts
were analysed using GC/MS. The results of this experiment (Table 2) give a
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Fig. 3. Results of three experiments (A-C) in which mutagenicities of extracts of the glass fibre
frlter and ofthe polyurethane foam plug were compared. Solvent: âcetone. (-----) Blank extract
of the cleaned PUF plug; (-'- -) extract of the PUF plug after sampling; (-'- '-") extract of a
second PUF plug after sampling; this plug was mounted behind the first one (experiment B only);
(-) extract of the glass-fibre filter after sampling. The blank extract had the same volume as the
extract after sampling; the same amounts (ml) were tested for both extracts, Each point represents
the mean of a triplicate. The amount of air sampled in each experiment is indicated.

clear impression of the components trapped by PUF plugs and the filter.
Comparable results were obtained for the PAHs by HPLC analysis of the
acetone extracts (Table 3). PAHs with five or more rings are virtually absent
in the volatile phase passing the filter. Substantial amounts of the more vola-
tile PAHs pass the filter and are trapped by the PUF plug. A second PUF plug

.Ã. o ..-L-__$
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mounted behind the first still traps substantial amounts of phenanthrene and
fluorene. For the other PAHs, application of a filter and onà plug is probably
sufficient for complete sampling. Table 2 also shows the abilityãf the puF foam
to trap other PAH-like compounds, too volatile to be completely trapped by a
filter. A filte¡ does not fully retain alkanes with fewer thãn 26 tarbon atoms.
TABLE 1

Effect of storage in clean air or nitrogen upon the mutagenicity of pUF plugs

Dose
mleq. of foam

Plug I Plug II

Before
storage

After
storage

Before
storage

After
storage

-.*.-.-o_f_'_-_._-_-.8

22 31

33 32 40 38 31 26 4L 3932 50 43 71 46 31 66 6058 47 90 86 53 49 86 86

0

3.6
7.1

14.3

Air Nitrogen Control I Control II

0

3.6
7.L

14.3

31 40
47 35 30 24
63 2t 38 39
58 29 36 47

32 38
47 55 50
48 62 62
76 82 82

2t
30

49

Experiment A: comparison of mutagenicity of methanol extracts of two cleaned pUF plugs before
and after storage for 23 h in glass containers in clean air,
Experiment B: mutagenicity ofmethanol extracts ofcleaned PUF plugs stored for 24h in clean air
or nitrogen in glass containers and of PUF plugs (controls I and Ii) *hi"h hrd only been cleanecl.
The table lists numbers of revertants per plate; test strãin: TAg8; test was carried out with
59-fraction.
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TABLE 3

Concentrations of PAHs in air samples taken with glass fibre filters and polyurethane foam plugs
and extracted with acetone

Experiment A Experiment B Experiment C

Filter PUF Filter PUF Filter PUF I PUF II

Phenanthrene
Anthracene
Fluoranthene
Pyrene
Benzo[ó]fluorene
Benzo[a]anthracene
Chrysene
Benzo[e]pyrene
BenzoIj ]fluoranthene
Perylene
Benzo[å]fluoranthene
Benzo[å]fluoranthene
Benzo[ø]pyrene
Benzo[9,å,i ]perylene
Indeno[1,2,3-cd ]pyrene
Anthanthrene

28.43 0.69 12.00
1.64 0.04 0.65

15.85 1.00 7.10
11.36 0.53 4.æ
0.11 0.13 < 0.05
0.53 1.30 0.40
0.55 2.20 0.20

< 0.09 1.70 < 0.21
< 0.13 < 0.gg < 0.99
0.01 0.19 < 0.01

< 0.01 2.40 < 0.02
< 0.01 0.98 < 0.01
< 0.01 0.96 < 0.02
< 0.05 1.70 < 0.13
0.04 1.70 < 0.09

< 0.01 0.06 < 0.02

The table lists the concentrations in ngm-3; the experiments correspond to those for which the
mutagenicity results are given in Fig. 3; during sampling the air consecutively passed through the
glass fibre filter (Filter) and one or two puF plugs (puF I and II). Analysis wàs based on HpLC
and fluorescence detection.

DISCUSSION

Polyurethane foam was used in two series of experiments for the sampling
of mutagens too volatile to be fully retained by a glass fibre filter. The most
important difference between the series was the usã of two different solvents
for extraction: methanol for the first series and. acetone for the second. In the
experiments with methanol, sampling induced clear-cut mutagenicity of the
PUF; in those with acetone, no significant mutagenicity was found at the d.oses
tested. The discrepancy between the two series is the more remarkable because
in both it was demonstrated that the puF sorbed pAHs, a group of compounds
often associated with airborne mutagenicity, either becarlse tirey themselves
contribute to the effect or because their nitrated and oxygenated dlrivatives do
[6, 16, 18, 19,21,24,25,43J. so, in both series of experi*enir, volatile compound.s
were sampled that are related to the compounds held responsible ior the
mutagenicity of airborne particles.

The discrepancy might be explained by the simple assumption that volatile
mutagens were only p¡esent during the first series. since samples were taken
at Lekhaven in both series, this explanation is not very plausible. If we assume
that the volatile mutagens stem from the same sources as the solid ones, we
might have expected these compounds to be present in the second series as well,

2.89

0.05
2.06

1.29
0.20

2.95
4.59
3.r2
1.72

0.51
5.05

2.21
2.08
6.29

3.96
0.13

0.42 24.00 4.90
0.77 2.L0 0.32
1.70 8.50 0.13
I.20 5.10 < 0.12
0.25 <0.06 <0.06
1.50 0.55 < 0.05
2.20 0.30 < 0.08
t.40 <0.22 <0.22

< 1.00 < 1.00 < 1.00
0.25 <0.01 <0.01
2.20 <0.02 <0.02
0.92 <0.01 <0.01
1.40 <0.02 <0.02
1.40 <0.14 <0.14
1.90 <0.09 <0.09
0.26 <0.02 < 0.02
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in view of the marked effects of the filter extracts. An explanation which is, in
our opinion, more justified is that the mutagens are not sampled as such from
the air but are formed from the PUF during sampling. The results of this study
clearly point to the presence of compounds in PUF that react with alcohols or
water to give mutagens; a first attempt to identify these suggests the presence
of mutagenic amines in the methanol extracts. Although testing of the blank
extraction for the first series of experiments did not reveal any effect, it cannot
be ruled out that sampling somehow leads to the formation of mutagens as
artifacts. Control experiments suggest that PUF becomes mutagenic upon
storage when methanol is used as extraction solvent. The sampling procedure
may bring about comparable processes, or may accelerate processes leading to
mutagenicity upon storage. From the differences between the two series of
experiments, and the difference in mutagenicity between blank methanol and
blank acetone extracts, it follows that the experiments do not unambiguously
demonstrate the presence of volatile mutagens in the sampled air. The tainting
of blank PUF extracts with mutagens and the formation of mutagens during
storage mean that PUF is unsuitable as a sorbent for airborne mutagens if it
is extracted with methanol. If PUF is to be used in further studies as a sorbent
for volatile mutagens, the mutagens in the blanks must be identified, and the
mechanisms leading to their formation elucidated. Is the formation of mut-
agens only a result ofthe use ofmethanol or other alcohols as extractants, and
can it be prevented by the use of acetone? If further experiments with acetone
as extractant confirm the absence of volatile mutagens in ambient air, the
formation of artifacts becomes a more likely explanation, and studies on the
usefulness of PUF in sampling ambient air for mutagens lose their relevance.

Although sampling did not induce clear mutagenicity in the acetone PUF
extracts compared with that ofthe fllter extracts, they did contain considerable
amounts of low molecular weight PAH. Tables 2 and 3 show that the PAH
concentrations in the two series of experiments fall in the same range. If it is
assumed that the methanol extracts contain artifact mutagens, it remains to be
explained why the acetone extracts, while containing PAH, are not mutagenic
in the dose range tested. Several studies strongly suggest that the mutagenicity
ofthe particulate fraction is to a large extent due to nitrated and oxygenatpd
derivatives of PAH, which contribute more to the mutagenic effect than unsub-
stituted PAH. Nitration of a PAH makes the substance less volatile, because
of the increased polarity. The vapour pressure of nitrated PAH derivatives,
even of low molecular weight, may be so low that they are not present in the
vapour phase, and not vapourized by the pressure drop across the filter during
sampling. Their parent compounds do, however, pass the filter. This study
shows, for instance, that most of the pyrene (over 90%) is present in the vapour
phase. Although the vapour phase has so far not been investigated for mononi-
tro pyrenes, the recent literature [43], as well as HPLC analyses carried out in
the laboratory of one of the authors, show that 1-nitropyrene is a prominent
mononitro PAH in the particulate phase. These results therefore suggest that
PAH-related mutagenicity is restricte d to tbe pørticuløte phase of ambient air.
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As stated in the Introduction, PUF has already been widely used for the
sampling of organics from ambient air in analytical chemical air pollution
studies. In some of these, attempts were made to establish the distribution of
PAH over the particulate and vapour phase. The results agree with those ofthe
present study. All PAH can be trapped when three PUF plugs of the kind used
in this study are mounted in series. other organic compounds can also be
sampled efficiently. Therefore, PUF remains a valuable and cheap supplement
to the conventional glass fibre filter in high-volume sampling. Although the
human toxicity of PUF is beyond the scope of this paper, it must be pointed out
that the widespread use of PUF in the human environment warrants further
investigation into the possible mutagenicity of the material itself or any of its
constituents.
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The Netherlands

The presence of mutagenic compounds in ambient air particles has red to a
reassessment of the rore of polycyclic aromatic hydrocarbons (pAH) in air pollution
research' Besides PAH, other air pollutants were associated with carcinogenicity,
although by means of an effect which indirectly and preliminarily indicates carcino-
genicity. while PAH rhemselves are mutagens, they onìy marginaúy contribute to the
mutagenicity of the particles. However, a close relation e*ists between pAH and theother mutagenic compounds. Both are emitted in the flue gases of combustion
processes and they show a clear structural relationship, i.e. the mutagens mostprobably are oxygenared and nitrated pAH-derivates. Fuithermore pAH might give
rise to mutagens via atmospheric reactions.

The present paper deals with several aspects of the relation between pAH and
mutagenicity. The contribution of pAH, nitrated pAH and more polar compounds tothe mutagenicity was studied by mutagenicity testing and chemical anarysis of
chromatographic fractions prepared with rLC and HpLC. The contribution of pAH
and mono-nitro PAH could be clearly established. The marginal contribution of theformer was confirmed, the contribution of the latter is small cãmpared to that of morepolar nitro-compounds.

The aìmospheric conversion of pAH was studied by anarysing the variations ofPAH-profiles, i.e. the proportion among PAH-concentrations. Clear indications for
conversions were found but f he influence of sampling artifacts could not be excluded.

PAH-concentrations showed moderate to reasonabte correlations with mutagenicity,no relation between variations of pAH-profìre and mutagenicity could be demon_
strated, possibly due to methodological factors.

KEY WORDS: Ambient. 
. 
air, particles, polycyclic aromatic hydrocarbons,

mutagenicity.
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INTRODUCTION

W. K. DE RAAT

The important role of polycyclic aromatic hydrocarbons (PAH) in
investigations on the carcinogenic effects of air pollution was

brought into dispute about ten years ago by the firnding that ambient
air particles contain mutagens.r-8 The first Salmonella-microsome
(Ames) tests with extracts of these particles already showed that
PAH do not contribute to any great extent to the mutagenicity. The
effects were largely independent of metabolic activation, i.e. of the
presence of rat-liver homogenates (S9-fractions), which is a pre-
requisite for the expression of the mutagenicity of PAH in this test.

If mutagenicity iq accepted as a frtrst indication for carcinogenicity,
which is the main reason for the use of mutagenicity tests in air pol-
lution research, then we have to conclude that two (different)
groups of possible carcinogens are present in ambient air particles.

One group consists of PAH of which the carcinogenicity has been

established directly in animal experiments and the other group con-
sists of compounds of which indirect evidence for carcinogenicity has

been obtained, i.e. the mutagens.
This paper deals with the relation between PAH and mutagens

present in ambient air particles.
Shortly after the discovery that ambient air particles contain

mutagens, investigations into the origin of these compounds clearly
pointed to the sources emitting PAH, i.e. combustion processes.

Particles in combustion emissions are clearly mutagenic e-21 and up
to now no other important sources of mutagens have been detected.
The high sensitivity and relative speed of mutagenicity tests, especi-
ally the Ames test, made it possible to use mutagenicity for detecting
purposes in chromatography, and this in turn enabled direct investi
gations into the identity of the mutagens. These and other studies
showed, that both the mutagenicity of the emission particles and that
of the ambient air particles could be attributed largely to derivatives
of pAH. t 2, | 4-t6. re, 22-34

Already during the 1950's the chemical conversion of PAH under
atmospheric conditions rryas investigated in experimental systems. It
was shown subsequently that exposure of PAH to air with reactive
compounds such as ozone and nitrogen dioxide can lead to a

substantial conversion of PAH, especially when such an exposure
is carried out in the presence of lighl.rs-+a More recently it has
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been shown, that the exposure products often are mutagenic.45-48
Especially nitration can result in extremery mutagenic compounds.
The foregoing indicates that the presence of pAH and the presence
of mutagens in ambient air particles are somehow related. The rela_
tion shows the following characteristics: (l) common sources, (2) smail
direct contribution of pAH to mutagenicity, (3) similarity in chemi_
cal structure and (4) possibre change of pAH into other muragens
by chemical conversion after emission. This pãper gives some results
of investigations on the relation between pAH-content and mutagen_
icity of ambient air particles. These results concern the contribution
of PAH and mono-nitrated pAH to the mutagenicity, the infruence
of chemical conversion on the pAH-content of samprás of the actuar
particles and the correlation between pAH-content án¿ mutagenicíty.

METHODS AND MATERIALS

Sampling and extraction
The particulate fraction of the ambient air was sampled on sartorius
sM 13400 glass-fibre fîlters with sartorius HVIò0 high volume
samplers. The flow rate was l00m3.h-r, which resurted in a rinearair speed of 0.535m.sec-1. sampring dates and rocations are in-
dicated in the legends of tabres 

-unJ 
figur.s. Before sampring thelilters were cleaned by extracting them for 24h with methanor in a

soxhlet-apparatus. sampling lasted ror 24h unless stated otherwise.The filters loaded with particles were stored at - g0.c before
extraction. unless stated otherwise the mutagens and pAH were
extracted with methanol (Rathburn, Hplc-grade) in a soxhrer-
apparatus for 8 h. Extraction was carried out in the dark in anitrogen atmosphere. The solvent was removed with a rotary
evaporator under reduced pressure at 30'C. The residue was dis_
solved in dimethylsulphoxide (Merck, AR, DMSO) or in a sorvent
(methanol and,lor acetone, Rathburn HplC-grade¡ more suitable for
the HPlC-analysis of pAH and nitro-pAH. Dissolved residues were
stored at - 80'C.

Ghromatographical fractionation
Extracts of the ambient air particres were chromatographicaily
fractionated with the following téchniques:
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The residue as such derived from about 200 m3 of air, was

dissolved in 50ml of methoxyisobutane (MIB; Rathburn HPLC-
grade) by ultrasonic vibration. Then 50 ml of distilled water was

added and after about 2 x 3 min of manual shaking the two layers
were separated. The water-layer as such was tested for mutagenicity
or the water was removed by evaporation (rotary evaporator, 30'C
reduced pressure), or organics were extracted from the water
with a combination of Amberlite XAD2 and XADT following the
method normally used for extracting mutagens from urine.62

The MIB was removed from the MlB-layer by evaporation (rotary
evaporator 30 

oC, reduced pressure) and the residue solved in
acetone (Rathburn, HPLC-grade). The acetone solution was put on
one or two Seppak Silica cartridges (Waters). About one third of the
silica in the cârtridge was brought into contact with the solution.
Then the acetone was removed by blowing nitrogen through the

cartridge (opposite the elution direction) for 5 min. The cartridge was

eluted respectively with hexane (Nanograde) (twice, about l5ml),
toluene (HPLC-grade) (once or twice, about 15ml) and methanol
(once, about 15ml). After evaporation of the solvents (see above), the
residues were dissolved in DMSO and tested or dissolved in acetone

and brought on Merck PSC kieselgel 60F 254s thin layer plates with
concentration zone (TlC-plates). The hexane-fraction residue was

eluted on the TlC-plates with a mixture of chloroform and hexane
(1:1 Vol). The silica was scraped offthe plates in lcm broad bands,

extracted by ultrasonic vibration in acetone and the extracts were

tested for mutagenicity and/or analysed. Figure 1 summarizes the pro-
cedure described above.

In addition to this procedure some extracts were fractionated with
semi-preparative HPLC (high pressure liquid chromatography). The
crude extracts (solutions in acetone of the residue) were prefrac-

tionated with Seppak Silica cartridges: the residue of about 200 m3

per cartridge was eluted twice with MIB (15m1) and once with
methanol (15m1). The residue of the first layer was dissolved in
dichloromethane (Baker, HPLC reagent) and subjected to semi-
preparative HPLC. Stationary phase: Alltech RSil-Silica (10pm)
column (L: 250 mm, ó : 10 mm); mobile phase: gradient elution with
hexane (Rathburn, HPLC-grade), dichloromethane and acetonitrile
(Rathburn, HPLC-grade). The gradient is indicated in Figure 2. The
flow was 3.5 ml/min. The stationary phase was chemically activated
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1 iquid- I iquid pa rtiÈion

Figure I Schematic representation of a chromatographical fractionation procedure
applied on extracts of ambient air particles.

before each run with a mixture of hexane, acetic acid (Baker, AR)
and dimethoxypropane (Merck, AR), 90:10:2.5, Vol. A similar
HPlC-fractionation procedure has been described by stray et al.as
F_ractions of 7ml (2min) were collected and tested orland anarysed
after evaporation (see above) and resolving the residué in a suitable
solvent.

Mutagenicity testing
The residues of the extracts or fractions were dissolved in DMSO
and tested in the Salmonella-microsome test following the procedure
described by Ames et al.'o The strains TA9g, TAggNR and
TA9SDNP were used; the first strain was obtained from Dr. I. E.
Mattern, Rijswijk, the Netherlands and the latter two from Dr. H. s.
Rosenkranz, cleveland, ohio, usA. For metabolic activation a liver

first hexane TLC-fractions
hexane- ch lo ro fo rm

first toluene

second toluene

me t.ha no I
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Figure 2 Elution scheme of the semi preparative HPlC-fractionation. The fractions
are retarded 5.5 min comparcd to changes in the elution pattern.

S9-fraction prepared from rats treated with Aroclor 1254 was used.

The tests rvere carried out in duplicate or triplicate and the test
substances were always dosed in the same volume of DMSO (0.1m1).

Analysis of PAH and n¡tro-PAH

PAH were analysed with RP-HPLC. Stationary phase: Supelco-PAH
(250mmx4.6mm); Mobile phase: 75/" vlv methanol in water to
rcO% methanol; detection: fluorescence, excitation 250 nm and
emission >390nm. The PAH were identified and quantihed with ex-
ternal reference compounds. The mono-nitro PAH l- and 4-nitro-
pyrene and 3-nitrofluoranthene were also analysed with RP-HPLC.
Stationary phase: Vydac-20lTP (5¡rm) (250mm x4.6mm); mobile
phase: gradient of acetonitrile and 75mM Tris.HCL (pH6.0); post-
column reduction with zinc; detection: chemiluminesc€nce with
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peroxyoxalate. Detection and quantification was based on chromato-
grams with external reference compounds and on comparison of
chromatograms prepared with and without reduction.

Multivariate analysis

of a series of samples the variation of pAH-concentrations and
mutagenic effects was analysed with the principal component analy-
sissr and the results of this analysis were subjected io orthogonal
rotation according to the varimax criterium.52 In this way the
factors determining the proportion among concentrations 1ÞRu-profile) and the relation of mutagenicity with variarions of the pAH_
profile could be studied.

RESULTS AND DISCUSSION

Contribution of PAH and mono-nitro pAH to the
mutagenicity

Figure 3 shows the results of a fractionation according to the
procedure of Figure 1. These results are representative for com-
parable experiments with other extracts: The major part of the
mutagenicity is concentrated in the MlB-layer. The small to negli-
gible mutagenic activity in the water layer can be extracted with the
XAD-columns. The Seppak separation always results in three differ-
ent mutagenic fractions: the fìrst hexane fraction, the first toluene
fraction and the methanol fraction. The analysecl pAH and mono-
nitro-PAH can only be demonstrated in first hexane fractions, so the
contribution of these compounds to the total mutagenicity does not
exceed the mutagenicity of the fîrst hexane fraction. Figure 4 shows
the results of an Ames test with rlC-fractions from the first hexane
fraction of Figure 3. The mutagenicity of fraction g is totally
dependent of the presence of s9-mix. This mutagenicity probably
reflects the contribution of the pAH to the totai mutagenicity as
PAH are generally concentrated on or near the same place of TLC-
plates (Figure 5 for example). As is shown in Figure 5 the mono-
nitro PAH are present in more polar fractions and they could very
well determine the mutagenicity of these fractions. These fractions
show direct, nitro-reductase dependent mutagenicity. The f,irst
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Figure 3 Mutagenicity (T498+59) of LC-fractions and XAD-fraction prepared

according to the scheme depicted in Figure l. The layout of this ftgure is strictly
comparable to that of Figure L The values (revertants per m3) represent means of
duplicates. All values were obtained in one test-procedure. Mixture of two samples;

one from the TNO-site in Delft (9-l-'86,29h) and one from the zoological garden

(Blüdorp) in Rotterdam (l-1-'86, 21h).

hexane fraction often gives rise to mutagenic fractions with a higher
polarity than mono-nitro PAH. This indicates that the mutagenicity
of the total hrst hexane fraction exceeds the contribution of the PAH
and the mono-nitro PAH to the mutagenicity. Figure 6 shows results
of a series of experiments in which ambient air particles were

sampled once a week during one year at the TNO-site in Delft, the
Netherlands, (sampling started'on Wednesday at 11.00h and lasted

24 h). The extracts were fractionated according to the procedure

depicted in Figure 1. The water layer was in this case tested as such

or after concentration by evaporation. No second toluene fraction
was prepared.
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Figure 4 Mutagenicity of rLC-fractions of a first hexane layer (see Figure l). The
bars represent means of duplicates: hatched part: mutagenicity above background.
Fraction I is the lìrst lraction (cm of thin layer) after the conc€ntration zone of the
TLC-plate. All values were obtained in one test-procedure. The hexane fraction of
Figure -i was used.

The importance of compounds more polar than the pAH and the
mono-nitro PAH appears clearly from Figure 6. The slight influence
of the S9-fraction indicates the unimportance of the co;tribution of
the PAH.

A much more exact estimation of the contribution of the pAH
and the mono-nitro pAH can be obtained with the semi-preparative
HPlC-fractionation. Figure 7 shows "mutagrams" for two extracts.
As can be concluded from Figure g, the analysed pAH are ex-
clusively present in the fractions 5-7 and for the major part in
fraction ó; the mono-nitropyrenes and 2-nitrofluoränthene couid only
be demonstrated in the fractions 9 and 10 (results not shownj.
Fractions 5-7 show only a small mutagenic effect which is totally
dependent on the presence of S9-fraction; the effect of fraction 9 is
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Figure 5 Concentration of PAH and mono-nitro PAH in TlC-fractions of a lirst

hexane layer. All compounds were analysed in one Tl-chromatogram. Fraction I is

the fìrst fraction (cm of thin layer) after the concentration zone of the TlC-plate.
Sample from zoological garden (Blijdorp) in Rotterdam (31-10-'85, 24 h).

the result of direct, nitro-reductase dependent compounds. These

effects, combined with the results of chemical analysis and the

hnding that more polar PAH-derivatives elute in fraction 12 and

beyond make it very probable that the two relatively apolar peaks in
the "mutagram" represent the contribution of PAH and mono-nitro
PAH. The dinitropyrenes elute, whether or not mixed with an

extract, in fraction 12. Until now we did not hnd clear cut
mutagenicity of this fraction when extracts of ambient air particles

were fractionated, indicating that the contribution of these extremely
mutagenic compounds to the mutagenicity.is negligible. The largest

part of the mutagenicity appears to be associated with relatively
polar compounds, which depend for their direct mutagenicity on

nitro-reduction. In the "mutagram" these compounds are brought
together in fraction 16. However, since much polar mutagenicity is
removed already from the extract by the Seppak-prefractionation,
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Figure 6 Mutagenicit-v ol LC-fractions prepared from ambient air particles. Samples
were taken everr' 24 h during a one year period once a week (sampling started on
wednesday ar abour r1.00h). Location: TNo-site in Delft. Fractions were prepared
according to the scheme depicted in Figure l, no second toluene w¿rs pr€pared and
the water layer uas concentrated by evaporation of the. water or tested as such. The
indicated values are based on least squares calculations of six plate counts obtained
with three doses (0, l0 and 20m3 per prate). A broken line indicàtes, that a sampre or
test result was not available.
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Figure 7 Mutagenicity of semi-preparative HPlC-fractions of two extracts prepared

from ambient air particles (samples A and B). The values represent means of
duplicates. The fractions of on€ sample were tested in one test procedure. Each
fraction represents 2min of the elution time(7ml of eluent). See Figure 2 for elution
scheme. The background mutations were not subtracted from the effects. Sample A:
Mixture of scvcral 24h samples taken during winter 1985/1986 at the zoological
garden (Blijdorp) in Rotterdam and at a location near the harbour of Schiedam (near

Rotterdam). Sample B: Mixture of several 24 h samplcs from the same period and
locations as sample A.
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the effect of fraction 16 represents only a part of the mutagenicity of
the relatively polar compounds.

ln any case these experiments clearly visualize the contribution of
the PAH and confirm the negligible contribution of the PAH to the

mutagenicity. Even the contribution of the mono-nitro PAH does

not seem to be large.
An important question arising from these experiments is the

influence of the analytical procedure itself on the observed effect(s).

The semi-preparative HPlC-fractionation was subjected to recovery
experiments. The mutagenicities of the MlB-fraction and of a sample

reconstituted from the HPlC-fractions were compared with the sum

of the mutagenicities of the HPlC-fractions. We only found small
decreases of the effects due to the fractionation. As emerges from
Figure 8, the PAH concentrations did hardly decrease, so the

HPLC-fractionation is rather inert to these compounds when present

in the complex matrix of an extract.

lnfluence of chemical conversion on the PAH-profile

The chemical conversion of PAH during their residence in the air
can be studied in two different ways: PAH can be exposed to
simulated atmospheres in experimental systems or it can be investi-
gated whether differences between PAH with respect to sensitivity
for chemical conversion are somehow reflected in the variation of the

actual ambient PAH-concentrations.
Here the results of investigations following the second approach

are given. [n two investigations into the mutagenicity of ambient air
particles we have analysed the extracts for a number of PAH. These
PAH can differ in origin (contributing sources), volatility and
sensitivity to chemical conversion. Differences between samples in
degree of chemical conversion will result in an extra source of
variation for the more sensitive PAH, which will be detectable if it is

not overwhelmed by other factors such as origin and volatility. In a
study, which will be published in detail elsewheres3 the particles
were simultaneously collected eight times on four locations in an
urban and industrialized area in the Netherlands (Rijnmond area)
and on one location near the coast, lying upwind of that area at
Southwestern winds. The principal component analysis showed that
volatility strongly influences the proportion between the PAH-
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concentrations (PAH-profile). The concentrations of the /¿.ss volatile
PAH ( > 4 rings) are very strongly determined by one factor, i.e. are
very strongly correlated (r>0.9). However, if the results of this study
are analysed with the rotation procedure (see Table l), two groups
of less volatile PAH can be distinguished. This dichotomy seems
to reflect differences in sensitivity towards chemical conversion; on
the one hand benz(a)anthracene, perylene, benzo(a)pyrene and
anthanthrene, on the other hand benzo(e)pyrene and úenzo(k) and
(b)fluoranthenes.sa A comparabre result (see Table l) was found in
another study in which the particres \ryere sampled ouiing episodes of
photochemical air pollution. In this case the particles were sampled
8 to l0 times from 8.00h to 20.00h in four periods of 3h ar the
TNo-site in Delft. During these periods the concentrations of ozone
and peroxyacetyl nitrate showed the time dependency characteristic
of photochemical air pollution. In this study the same dichotomy
was found, while one factor was influencing benzo(g, h, i)perylene, ã
PAH linked with traflîc emissions which are the only important local
emissions of PAH. The results of the two studies suggest that
conversion is influencing the variation of the pAH-concentrations. It
can however not be excluded that this conversion is the result of
sampling artifacts. [n the first of the two studies (in the Rijnmond
area) it appeared that the share of the sensitive pAH increased with
an increasing contribution of local sources, indicative of a stronger
con_v_ersion upon longer exposure to the reactive constituents of the
air.53 It is hard to imagine that this phenomenon would be the result
of sampling artifacts.

correlation between mutagenicity and pAH-content

The relation between PAH-content and mutagenicity of the particles
is determined by their common sources, the direci contribution of
PAH to the mutagenicity and the conversion of pAH. The first two
factors will give rise to correration between pAH-content and
mutagenicity. Furthermore it has been demonstrated that pAH and
mutagens aÍe both predominantly present in particres with an
aerodynamic diameter of less than l¡rm. They will thus show a
similar distribution due to meteorology. It can be expected that this
factor will already lead to considerable correlations. The correlation
will be reduced as a result of chemical conversion of pAH and
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Table I Results of a multivariatc analysis with PAH
concentrations in ambient air particles.'

PAH Rijnmond

BA
CH
BeP
PE
BbF
BKF
BaP
DBA
DBP
IN
AN

Eigen values

-0.49 -0.81
-0.74 -0.57
-0.85 -0.39
-0.& -0.73
-0.84 -0.39
-0.80 -0.46
-0.55 -0.59
-0.71 -0.46
-0.84 -0.40
-0.83 -0.,10
-0.41 -0.37
5.40 3.05

-0.32 -0.00
-0.33 -0.01
-0.31 -0.16
-0.51 -0.06
-0.38 0.0r

-0.39 0.01

-0.58 0.01

-0.49 -0.18
-0.3ó 0.06

-0.39 0.03

-0.83 -0.01
2.41 0.07

PAH Delft

BA
CH
B€P
PE
BbF
BKF
BaP
Bg
IN
AN

Eigen valucs

-0.39 -0.79
-0.75 -0.49
-0.87 -0.43
-o.u -o.79
-0.83 -0.45
-0.77 -0.54
-0.63 -0.69
-0.53 -0.58
-0.72 -0.52
-0.52 -0.80
4.52 3.90

-0.46 -0.05
-0.44 -0.05
-0.22 -0.05
-0.25 -0.0s
-0.32 -0.04
-0.34 -0.05
-0.35 -0.05
-0.62 -0.01
-0.45 -0.03
-0.25 -0.r2
r.49 0.03

'Principal componcnts analysis with corrclation matrix ¡nd onhogonal
rotation according thc varimax critcrium. Indicatcd ârc thc corr3lation of thc
conc€ntrations with thc factors and thc Eigcn yalucs of thc factors.
Rijnmond;35 samplcs (24h) takcn at 4 loc¡tions in thc industrializcd and
urban Rijnmond arca (in and ncar Rottcrdam) in thc Ncthcrlands and at onc
coastal locatíon ûpwind of that arca; from July to Novcmbcr 1981.

Dclft: 32 samplcs takcn at thc TNO sitc in Dclft (thc Ncthcrlands) during
cpisodes with photochcmical air pollution; from May to August 1981 samplcs

of 3 h bctwccn I and 20 h.

DBA: dibcnzo[a j]anthraccnc; DBP: dibcnzo[a, l]pyrcnc or othcr compound
cluting at thc same placc.
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mutagens after emission and by variation of the proportion between
PAH and mutagens at the sources. The correlati,on ìs possibly even
more strongly affected by the methods (mutagenicity and analysis
from PAH) used: The mutagenicity can possibry be influenced by
non-mutagenic compounds, which have no reration with the pAÉ
the PAH-concentration can unambiguousry be determined.
Furthermore PAH-concentrations are simultaneously determined
(one sample, one extraction, one chromatogram) and will together
show an experimental variation which is laigely independent from
that of the mutagenicity which will be largJly- deter;ined by the
Ames test. It is also reasonable to assume that the experimental
variation of the mutagenicity is larger than that of the pAH_
concentrations because no adequate positive control and calibration
compounds can be used in the mutagenicity test.

Table 2 shows correlation coeflicients foi the mutagenic effects andthe PAH-concentrations obtained in the study in-which samples
were collected during photochemical air pollution (see the preceding
section, second study, samples taken ai oetrt¡. ti is str¡Èing thai
clearly higher correlations are found if the test is carrieà out in the
presence of metabolic activation. comparable results were obtainedin the other study (Rijnmond area). The pAH did not differ much
with respect to their correlation witir mutagenicity. so the dichotomyof the PAH which is possibly caused by 

"onur.sion 
cannot be

observed in the correlation matrix. conversion does not increase or
decrease the mutagenicity systematicaily enough and strongry
enough to affect the correlations. varimax rotaiion yielded such
strong separate factors for mutagenicity, that an influenóe of conver-
sion could not be discerned (iesurts not shown). Altogether this

Table 2 correlation between mutagenicity and pAH-concentrations.¡

Ba CH BeP PE BbF Bkf BaP Bg IN AN

TA98-59
TA98 +S9
fnssNR-ss
TA98NR+59

0.56
0.84

0.42

0.8r

0.50
0.65
0.39.

0.68

0.55

0.78

0.45

o.77

0.55 0.55 0.58 0.56 0.59 0.s7 0.53
0.77 0.82 0.81 0.77 0.73 0.79 0.72
0.41 0.43 0.47 0.47 0.52 0.47 0.43
0.82 0.80 0.81 0.79 0.73 o.7g oJ6

'samplcs takcn during cpisodcs with phorochcmical air polluriou Dclft, TNo sitc; scc Tablc l. (soe Figure g forabbrcviations.)
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suggests that any signihcant influence of PAH-conversion on muta-
genicity is absent. Important, PAH-independent processes influence
mutagenicity, which might very well be related with the great

experimental variations of Ames test results.

The contribution of the mutagens to the carcinogenicity
of ambient particles

Investigations into the mutagenicity and the PAH-content of am-
bient air particles are ultimately motivated by the carcinogenicity
of the particlesss-s6 and the controversial relation between human

cancer and air pollution.5T-58 The experiments presented in this
paper were in part aimed at determining the contribution of PAH
and other compounds to the mutagenícity. More important however

is the contribution of the mutagens to the carcinogeniciry of the

particles. An extensive treatment on this subject goes beyond the

scope of this paper. Only three short remarks will be made.

- In the past a number of studies dealt with the contribution of
PAH to the carcinogenic effects of the particles in experimental
animals. PAH-fractions were isolated from the extracts and these

and other fractions tested. If we assume that the effects of the

PAH-fraction were indeed the result of PAH, these studies lead to
the conclusion, that PAH are important, if not the most import-
ant carcinogens in the particles.se In any case, the contribution of
the PAH to the carcinogenicity is most certainly much greater

than the contribution of these compounds to mutagenicity. Muta-
genicity thus seems to lead to an underestimation of the contri-
bution of the PAH and so to an overestimation of the contri-
bution of the (other than PAH) mutagens to the carcinogenicity.

- The mutagenicity in the absence of S9-fraction, i.e. the direct
mutagenicity, is for the greatest part, if not totally, dependent on
nitro-reduction. This mutagenicity is clearly expressed in bacteria;
many nitro-PAH are extremely mutagenic in the Ames test. The
question arises how far this type of mutagenicity is bacteria-
specihc to such an extent, that it leads to an overestimation of
effects that can be expected in mammals and thus of carcino-
genicity. Comparative studies in which chromatographical frac-
tions are tested with bacterial and mammalian in uito tests are
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necessary for a better evaruation of the Ames test effects of theextracts which represent the mainstay of the data coilected
thusfar.

- The detection of very mutagenic nitro-pAH in ambient air
particles and particles present in combustion emissions has led to
investigations into the 

_ 
carcinogenicity of these compounds inanimal experiments.60--6r So far the resurts crearry point to

carcinogênic activity for mono-nitro pAH and dinitropy.rnrr.
However, even if these compounds are as carcinogenic as pAH ona "per weight" basis, it must be noted that their concentrations
are much lower than those of the pAH. The possibility that pAH
are more important, just because of their higher concentrations
must not be excluded.

As this and other studies show that the more porar compounds,
i.e. oxidized nitro compounds, are much -o.å i'oportant con-
tributors to mutagenicity than non-oxidized nitro coÀpounds, the
investigations into their carcinogenicity shourd be intensified.
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CHAPTER 14

DISCUSSION

Variation of the mutagenic quality

The proportion of the effects obsewed in different mutagenicity tests can be

regarded as a sort of measure for the mutagenic quality of a sample of ambient

airborne particles (see chapter 3). Obviously, this proportion (or mutagenicity

profile) depends on the composition of the samples as regards the compounds

that determine its mutagenic properties and the specific sensitivities of the tests

for these compounds. Mutagens as well as non-mutagens play a role here, because

the primary effect of the former may be modulated by a secondary effect of
the latter (e.g. toxicity not based on interaction with the genetic material). Both
groups determine the responses of the mutagenicity tests and, thereby, the
mutagenicity profile.

Obviously, the mutagenic quality of ambient airborne samples needs not
to be constant. It will depend on the sources and on the atmospheric physical

and chemical processes that determine the composition of the particles.

Therefore, changes of the mutagenic quality should be taken into account when

air pollution with particulate mutagens is studied, at least if we strive for an

anyhow complete picture of this type of air pollution.
In the experimental part of this thesis the mutagenic quality of the

particles was investigated by testing the extracts of the particles with several

variants of the Salmonella/microsome test, i.e. with different tester strains, each

of them with their specific sensitivity to certain classes of mutagens, with or
without a ratliver post-mitochondrial fraction (S9 fraction) for simulation of
mammalian metabolic transformation. The results unambiguously reveal the
valuable extra information that can be gained by applying these variants together.

Variation of the mutagenicity profile indicated changes in the composition of
the particles as regards the compounds which determine their mutagenicity. These

changes maybe interpreted in terms of chemical conversion during the residence

of the particles in the air or variation of source pattern. Moreover, the
mutagenicity profile provided direct indications about the nature and the divenity
of the mutagens in the particles.

The Rijnmond study (chapter 6) was characterized by a clear common
mutagenicity profile of the samples tested. The effects in both strains increased
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upon the use of s9 fraction, the increase being much stronger for strain TA100
than for strain Ti{98. The "with 59 effects" in TA100 *erJnearþ as strong as
the "without s9 effects" in TA9g, while the "without s9 effects" were much
weaker. The stability of the profile was revealed by strong correlations among
the effects obtained with the four variants of the test. several factors may
contribute to this stability. we may assume the aerodynamic-diameter range
of the particles causing the four effects not to differvery much. Theywill belong
to the accumulation mode and their aerodynamic diameter will not be larger
than a few pm(chapter 5). consequently, they are expected to have an identical
dispersion and deposition behaviour, which means that the correlations among
the effects and, thereby, the stability of the profile can only increase when
dispersion and deposition influence the concentration of the particles in the
air. The stable profile can also be the result of a stable ,o,rr"" pattern and a
similar influence of chemical conversion after emission. Furthermorg the stability
can have an artifactual background, as the four effects are determined in one
testþrocedure and will thus be influenced similarly by inter-test variation, which
cannot be corrected for by the use of positive controls. The effects of model
mutagens tested simultaneouslywith the extracts indicate that a substantial inter-
test variation can be expected (see also chapter g, De Raat et al., 19g7c and
De Raat et al., 1988).It is not possible to assess the importance of these diverse
possible causes of stability on the basis of the available data. The influence of
dispersion and deposition, i.e. of changes in the concentration of the sampled
material per volume of air, can be simply eliminated by expressing the effects
as revertants per amount of sampled material or extract. However, the effects
were only expressed as revertants per volume of air in this study, which makes
it impossible to get an impression of the other factors.

The correlations between the effects were not perfect; a substantial
variation in the profile remained. This can be the result of ìariant-specific inter_
test variation, intra-test variation (chapter 2), and variation of source pattern
and atmospheric chemical conversion. Closer examination of the results reveals
that thevariation of the profîle is not only due to experimental noise. They point
to a stronger metabolic activation for particles emitted by local emissions than
for those sampled upwind. The latter had been airborne longer, which indicates
that chemical conversion during their residence in the air leads to changes in
their composition which affect their mutagenicity. A comparable shift from
indirect to direct mutagenicity has been reported by selzer-Madsen et al. (19g2)
and Pitts et al. (19824).
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A somewhat less stabile mutagenicity profile was observed during the Photo-

chemistry Study (chapter 87 "nd 
8¡. This difference might be the result of the

shorter sampling periods (24 versus 3 to 12 hours), because they allow short-term

fluctuations of the mutagenic quality to have a stronger effect. Moreover, a much

strongerdependence of the mutagenicityprofileon residence timewas indicated

by the results of this study, leaving less room for the oommon variation. In
general, a clear-cut inactivation of thebackground mutagenicitywas found upon

the use of 59 fraction, whereas emissions of local sources (traffic) lead to an

increase of the mutagenicity which was not inactivated, but, in stead, clearly
activated by 59 fraction. This strong effect of residence time will most probably

be associated with the meteorological conditions during this study. Apparently,
the chemical reactions causing the necessary changes of the composition of the
particles are stimulated by photochemical air pollution, which is not unexpected

as this form of air pollution is accompanied by enhanced concentrations of many

reactive compounds.

Testing with strain TA98NR together with its parent strain pointed to
a strong nitroreductase dependence of the direct mutagenicity. In fact, this

dependence was as strong as that of the nitro PAH which were tested as model

compounds with the same strains. This makes it improbable that compounds

not mutagenic via the reduction of a nitro group have significantly contributed

to the mutagenicity. In contrast to its parental strain, no inactivation by 59
fraction was obsewed in strain TA98NR; in fact a clear activation was often
found. As this activation will also occur if strain TA98 is appliede, the real inacti-
vation of the direct mutagenicityin this strainby59 fractionwill be even stronger
than appears from the comparison of the effects in this strain with and without
59 fraction. Even the correction for this compensation of inactivation by

7 Strain T4100 was not used for testing in this study. So if we compare the two studies for
this aspect, we have to restrict ourselves to the effects scored with TA98 in the absence and the
presence of 59 fraction. Than we get correlation coefficients of 0.89 and 0.77 for the Rijnmond
study and the study in chapter 5 respectively. However, much stronger correlation (0.96) was

observed for the effects scored with strains ïA98 and TA98NR in the presence of 59 fraction,
which reflects the similarity of the sensitivity patterns of these strains for non-nitro compounds.

8 Again, the influence of common distribution and deposition cannot be estimated because

the effects were only expressed as revertants per m3.

e There is no reason to assume the nitroreductase deficient strain to be less sensitive than its
parent strain for indirect mutagenicity. This assumption is confirmed by comparative testing of
indirect mutagens with both strains in the Photochemistry Study.
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activation may still leave inactivation undetected, as the remaining direct mutage-
nicity observed with strain TAggNR may be caused by the sarie inactivatable
compoundsl', and may thus be inactivated by s9 fráction and subsequentþ
compensated for by indirect mutagenicity.

so, the conclusion is justified, that under the conditions prevailing in
this study, a substantial part of the mutagenicity (possibly all) is inactivated by
s9fraction and thatthis loss is compensatedforbyindirect mutágenicity.Indirect
mutagenicity may thus be a much more important phenomenãn than appears
from comparing effects scored with the parental itrain in the presence and
absence ofsg fraction. These effects,ugg".t that the presence åf s9 fraction
causes only inactivation and that indirect mutagenicity plap no role; however,
the use of both strains together shows that the mutagenicity found in the
presence of 59 fraction is not just direct mutagenicity remaining after inactivation;
it is largely caused by the activation of indirect mutagens!

The shift from indirect to direct mutagenicity upon the residence of the
particles in the air may be the result of the formation of direct mutagens, the
removal of indirect mutagens and the formation of direct mutagens which are
sensitive to inactivation by sg fraction. The results of the photoclemistry study
unambiguously indicate the importance of the third process; however, substantial
contribution of theothertwo processes cannotbe excludea. Atthough theeffects
obtained with strain TAgg in the Rijnmond study do not oireãtty point to
inactivation (nearly all effech increased upon the use of s9 fraction), they do
not allow for the concrusion that they were indeed not influenced by this pheno_
menon' The observed activation can be the resultant of inactivation and activati-
on, the latter dominating the former. The nitroreductase-deficient strain was
not used in this study, which made it impossible to investigate the influence of
s9 fraction when a substantial part of the direct mutageiicity was eliminated
by nitroreductase deficiencywhile leaving the sensitivity fãr indiiect mutagenicity
intact. Thus, it is arso impossible to investigate whether the formation of
inactivatable compounds contributed to the shift from indirect to direct
mutagenicity.

10 The reduction of the direct nitro-dependent mutagenicity will never be complete in strainTIA9SNR because some nitroredu.tut. u.tiuity."mains in this strain. This is shown by the effectsof the model compounds in this.strain. Furthermore, it has been demonstrated that the mutagenicityof some nitro compounds, for instancethe extrem;ry mutag€nic dinitropyrenes, is onþ marginailyaffected by the deficiency in this strain, this notwithstanãing tne raciitlat e*fre*sion of theirmutagenicity requires nitro reduction.
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Another study carried out by the author will be touched upon here for further
elucidation of the qualitative variation of the mutagenicity, although it is not

described in detail in the experimental part of this thesis. The reader is referred
to De Raat (1988) for a detailed report in Dutchrl. In this study, sampling

was not restricted to selected meteorological conditions, as it was in
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Figure 14.1 Mutagenicity of ambient airbome particles; development during

one year on four locations in the Netherlands (One-Year Study,

see text).

11 Some results have been presented in chapters 11 and 13, while samples collected during
this study were subjected to bioassay-directed fractionation in the study described in chapter 12.

The particles were collected with Sartorius HV100 high-volume samplers on glass-fibre ñlters; the

filters were subjected to Soxhlet extraction with methanol; the extracted material was dissolved

in methanoland tested in theSd/monellatyphimuriur¡rstrainsTA9S,TA9SNR andTA100. Sampling
started every wednesday morning of one year between 10.00 and 11.00 a.m. and lasted 24 hours.

Delft: on the TNO Zuidpolder terrain at Delft on ground level; Schiedam: near the yacht harbour
of Schiedam at 10 m; Petten: directly behind the dunes on ground level on the terrain of the Dutch
Energy Research Centre; Blijdorp: in the zo-ological garden of Rotterdam on ground level.
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the Rijnmond study and the photochemistry study. The particles were collected
every wednesday over a period ofone year (the siudy is referred to here as the
one-Year study) at four locations, three of them in an urban area (two in the
Rijnmond area and one near Delft, a town lying crose to this area) and one in
a rural area near the coast (petten, in the northein part of the province of North
Holland). Tester strains TAgg and rA100 were appried to all sampres, while
the 50 samples collected near Delft (at the zpjrNo location of the photo_
chemistry study) were also tested with strain TAggNR. Some results are
presented in Figure 14.1.

Again a rather stabile mutagenicity profire was observedr2, which did
not differ much from that of the Rijnmond study. comparison of the effects
at the coastal location with those at the other lo"uiion* did point to a shift from
indirect to direct mutagenicity upon residence of the particles in the air. rn
addition, the effects of s9 fraction were found to differ ior winter and summer
samples. while the former were activated, no activation or slight inactivation
was observed in some of the ratter (see for instance Dehnen ãt ul., 19g1, fo.
similar differences between winter and summer). This effect of season can be
attributed to differences in source pattern and chemical conversion. rn winter
residential heating will be an important source at this latitude, while the
contribution of this source will be negligible during summer; possibþ the particles
emitted by this source are more indirectly mutagenic. The obvious differences
in meteorological conditions will undoubiedly influence atmospheric chemistry
and, thereby, lead to differences in mutagenic quality. More and other reactive
compounds may be present during summer due to higher temperatures and longer
as well as more intensive irradiation with sunlight, ttlus stimulating the chemical
conversion which causes the shift from indirect to direct mutagenicity during
the residence of the particles in the air. The meteorological conditions in winter
often lead to a lower mixing height and, thereby, a higher concentration of air
pollutants. As a result, higher mutagenic effects per mã maybe expectea, which
were indeed observed in both the Rijnmond siudy and ihe one_year Study
during winter. The higher concentration of pollutanis may also be accompanied
by a different atmospheric chemistry and, thèreby, a diffeånt mutagenic quarity.

rn contrast to the effects of the Rijnmond study and the phãtochemistry
study, those of the one-year study were calculated ån both, a per-rg-extract
basis as well as on the usual per-m3-air basis. This permitted ånswering the

12 correration coefficients ranged from 0.g6 to 0.94 for all samples (all sampling times andsampling locations).
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question as to the influenceof common dispersion and depositionon thestability
of the mutagenicity profile. Surprisingly, only a slight decrease of stability was

observed when the influence of common dispenion and common deposition
was eliminatedl3, which means that the high correlations among the mutagenic
effects are largely determined by stability of source pattern and similarity of
chemical conversion.

A less strong nitroreductase dependenoe was found in the One-Year
Study than in the Photochemistry Studyl4. This difference will most probably

be associatedwith differences in meteorologicalconditions. Sofar, thePhotoche-

mistry Study was the only one which specifically dealt with nitroreductase

dependence of mutagenicity during episodes of photochemical air-pollution,
while during the One-Year Study this form of air pollution was hardly manifest.

The difference could be the result of the formation of more nitroreductase-

dependent mutagenicity during photochemical air pollution, i.e. a stronger dilution

ofthenon-nitroreductase-dependentmutagenicitybynitroreductase-dependent
mutagenicity. However, the effects obtained with model compounds point to
a virtually complete nitroreductase dependence of the direct mutagenicity for
both studies (70Vo reduction upon the use of the NR strain is still very much).

Moreover, the results presented in chapter 10 made clear that the mutagenicity
of all isolated groups of direct mutagens in the mutagrams depended on nitrore-
duction, confirming the insignificant contribution of other direct mutagensrs.

So, a dilution of non nitroreductase-dependent mutagenicity during the
Photochemistry Study is improbable, as this type of mutagenicity does not
contribute to a significant extent from the start. This leaves the possibility that,

overall, residence in the air during photochemical air pollution leads to a larger

contribution of compounds with a weaker residual mutagenicity in TA98NR
to the direct mutagenicity, due to the formation of such compounds or the

chemical elimination of nitro compounds with a higher residual effect in

TA98NR.
It may be speculated, that the formation of direct mutagens with a weaker

residential effect in TA98NR as well as the inactivatable direct mutagens is the
result of the reaction of gaseous PAH with OH radicals followed by their

13 Investigated with principal-component analysis; see section 13.3 for results.

1a An average reduction of 70% instead of 80%.

1s The samples investigated in the study of chapter 10 were all collected during the One-Year

Study.
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nitration (Pitts et al., 1985; Arey et al., r9g6;Nielsen and Ramdahl, 19g6; pitts,
1987). Being dependent on oH radicals, the formation of these compounds will
in particular be manifest during photochemical air pollution and possibly the
products formed differ in their nitroreductase un¿ sg dependence from
nitrocompounds directly emitted by combustion processes. må products have
been discovered sofar:2-nitropyrene and 2-nitroflìoranthene (piits et al., 19g5;
Nielsen and Ramdahl, 1986). These compounds are not pro"it in combustion
emissions and their presence in the air is a sure sign that åtmospheric gas_phase
nitration via the reaction with OH radicals takes place.

This hypothesis can easily be checked by simultaneously determining
the concentrations of these nitro pAH and the effects in TAgg and rAggNR
for samples collected during periods with different levels of photochemical air
pollution. First, it should be proven that these compounds do indeed differ as
regards their residual effect and their inactivatability from the direct mutagens
in the particles collected during periods without photochemical air pollution.

with the exception of some summer samples, most of the samples
collected during the one-year Study showed a clear activation upon the useof s9 fraction. No differences in metabolic activation betrveei TAgg and
TA98NR16 were found for these samples, which makes it highly unrikery that
inactivation has been obscured by activation. The slight inaãtiuation in somed the summer samples was accompanied by activation of the effect in strain
TA98NR, which thus partly compensated the inactivation. The mutagenicity
profile of these summer samples was thus similar to that of the samples collected
during the Photochemistry study, which suggests that they were also collected
during photochemical air pollution.

Tàken together, the resurts of the photochemistry study and the one_
Year study point to a crear dichotomy. Inactivation of direct mutagenicity by
s9 fraction seems to be restricted to episodes of photochemical air pollution.
No inactivation occurs when the meteorological conditions do not favour
photochemical air pollution. we may safely extrapolate from these findings to
the Rijnmond study, which leads to the conclusion that also the results of this
studywerenot influenced byinactivation of direct mutagenicity. This does imply
thatin case of the Rijnmond study and the major pariof the one-year study
the formation of inactivatable compounds did not contribute to the shift from
indirect to direct mutagenicity, as it did in case of the photochemistry study.
so, in the absence of photochemical air pollution s9 fraction adds indirect

1ó In terms of absolute numbers of revertants.
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mutagenicity to unaltered direct mutagenicity, while the proportion of these

two types of mutagenicity is changed in favour of direct mutagenicity upon

residence in the air. In contrast, photochemical air pollution is accompanied

by the formation of direct mutagenicity which is inactivated by 59 fraction. The

inactivation can be so strong, that it exceeds the activation, leading to an overall

decrease of the response.

Variarton of the PAH profile
The Rijnmond Study and the Photochemistry Study were characterized by rather
stabile PAH profilerrT and 18. High relative variances of the first principal

components were found (they explained'807o or more of the variance) and the

concentrations of most PAH, in particular those with a not too high volatility,

correlated very well (r>0.9) with the first principal component. There are two

main explanations for this stability. First, it will be due to a similarity of the PAH

profiles of diverse mmbustion emissions (Tomingas et a1.,1978; Grimmer, 19838;

Daisey et al., 1986; Masclet et al., 1986; Miguel and Pereira, 1989; Alsberg et

al., 1989; Beak et al., 1992) and the stability of the relative contributions of
combustion emissions with different profiles (stability of source pattern). Tlaffic

emissions will strongly dominate in the Netherlands, resulting in a stabilízing

effect on the profile of the locally emitted particles. Background particles in

the Netherlands are emitted over large distances and will represent an average

of various sources (traffic, industrial combustion and residential heating) in

relatively large source areas. It may be expected that the differences between

the profiles of these source areas will in general be limited. Such differences

may, for instance be associated with the ubiquitous use of coal and lignite
combined with poor stack-gas cleaning and obsolete combustion technolog5r in

eastern European countries.
The second reason for the stability of the PAH profile is provided by

the fact that all PAH containing particles fall within a narrow aerodynamic-

diameter range (Van Vaeck and Van Cauwenberghe, 1978; Katz and Chan, 1980;

Van Cauwenberghe and Van Vaeck, 1983; Van Cauwenberghe, 1985) and will

17 The PAH profrle is defined as the proportion among the concentrations of the PAII in a

sample of particles, or, in other words their relative concentrations in this sample.

18 The same was found for the One-Year Study; the results of PC analyses with the PAH
concentrations are presented in section 13.3; see De Raat (1988) for a detailed report in Dutch.
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thus be influenced in the same way by distribution and deposition. The strongerthis common variation of the particles, the greater the stability of the pAH
profile. It can be eliminated by calculating the concentrations ier amount ofextract or sample in stead of vorume of air. The profile of the åoncentrations
thus calculated is solery determined by source pattern or by chemical conversion,
sorption, condensation andevaporation afterãmission. nátntypes ofconcentra_
tions were carcurated during the one-year study. principar-cãmponent 

anarysis
showed that the stabilitywas hardly affected bycalculation of the concentrations
per amount of extract instead of volume of air (see section 14.3). so, it can beconcluded, that the contribution of distribution and deposition tá the common
variation of the pAH concentrations is of minor importance.

It should be emphasized that these mnsideratiåns refer to a general trend.
They do not imply that significant changes of the pAH profire ¿Jnot occur orthat such changes are not due to variation of the source pattern or processes
as chemical conversion, sorption, evaporation or condensation. It is merely
concluded that the common variation strongþ predominates the independent
variation- As has ampry been demonstrated (see chapters 7 and 9, and the report
of the one-year study (De Raat et ar, 19gg)), a moå detaitea unutyri, of resurts
do.es indeed reveal systematic changes or itre pAH profire that án be linkedwlrn certatn processes or sources.

First, there is the crear dichotomy associated with the voratility of thePArr. The variation of the more voratile particurate pAH, i.e. the pAH which
are also present in the gas phase for a substantial part, differed crearly fromthat of less volatile pAH- severar explanation, 

""n 
be put forward for thisphenomenon- The ratio of gas-phase concentrations and particurate-phase

concentrations of these pAH will vary as a result of a varyini contribution ofsources emitting different ratios (see for instance westerholm et ar., 19gg).
Moreover, condensation and evaporation may add to the fructuation (van vaeck
et al, 1984)- In addition, itcan be speculated, that the more volatile particulate
PAH will be present in the outei rayers of the particres, because they will
condensate later than their less-volatile counterparts and will thus be moreavailable for chemical reactions with reactive gaseous compounds or reactive
compounds dissolved in the water layer that surrounds the particre. Finalryartifactual evaporation and adsorption have to mentioned (see chapter 11 andsection 14-4); they wilr vary from sample to sampre due to the variation ofsampling conditions, concentrations of ihe pAH in the air and concentrations
of the particles in the air. Moreover, gaseous P,A,H adsorbed on the filter material
and the particles will be sensitive to chemical reaction with gaseous components
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in the air stream passing the filter, depending on sampling conditions and the
composition of the air (Pitts et al., 1978 and 1980; De Raat, 1982, 1983 and

19874). As the exposure of these PAH differs from those originally present

in the particles, these chemical reactions are expected to lead to a specific

volatility-related variation of the profile.
It is difficult to estimate the importance of each of these explanations

for the stability of the profìle. An impression about the importance of non-

artifactual cal¡ses can be gained by comparing locations at which samples were

collected simultaneously. In the Rijnmond Study, multivariate anaþes revealed

a clear location dependence of the volatility dichotomy, as is reflected by much

weaker correlations of the concentrations of the more volatile PAH with the

first principal component at the locations Geulhaven, Lekhaven and Kralingen,

compared to the background location and the location Schiedam. In the case

of the fîrst two locations the presence of local sources may explain this difference

(see discussion of chapter 7). In the case of Kralingen, selection of sampling

trips with similar meteorological conditions leads to a less clear volatility

dichotomy, which may point to the influence of a fluctuation of the background

source pattern (see discussion of chapter 7). In the One-Year Study factor

anaþisle revealed clear-cut volatility-related factors; the locations clearly

differed as to the PAH the concentrations of which were influenced by these

factors (De Raat et al., 1988; see Fig. l4.2for concentrations of benzo(a)pyrene

and pyrene on the Delft location). It is hard to see how in these cases location

dependence of the dichotomy could be caused by artifacts, which leads to the

provisional conclusion that non-artifactual causes as mentioned above, will also

contribute to the instability of the profile.
Besides volatility, changes of the PAH profile also appear to be related

with reactivity. The sensitivity of PAH upon exposure to the gas-phase

components of ambient air has been demonstrated in a great number of studies

(Falk et al., 1956; Jäger and Hanus, 1980; Butler and Crossley, 1981; Nielsen

et al., 1983; Pitts, 1983; Nikolaou et a1.,1984;Miguel, 1984;Valerio et al., 1984),

although it has been difficult to prove that particulate PAH which are actually

part of the complex matrix ambient particles are indeed converted during their

residence in the air. In most studies pure PAH were brought onto an artificial

matrix and subsequentlyexposed to reactive gaseous components. ft is generally

accepted, that under such conditions matrix-dependent protection of the PAH

le Orthogonal rotation of axis according to the varimax criterion.
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Figure 14.2 concentrations of paniculate benzo(a)pyrene andpyrene in the air
on the Delft location during the One_yeør Study.

is much less than when they are part of the real particles. Moreover, the artificial
matrices made of silica or glass fibres are suspected to exert a catalytic activity.
Definite proof for chemical conversion of the particulate pAH has to come from
studies which are focussed on possible correlations between the spatial and
temporal distribution of pArr concentrations and the sensitivity of these
compounds to chemical conversion.

rn our studies, multivariate anaþis consistentþ shows that the concentra_
tions of reactive PAH correrate less strongly with the first principal component
than those of the less reactive onesz'. This is reflected in ,"purut" factors if
factor anaþis is applied (chapter 9 and De Raat et ar., 19gg; seå also the resurts
of the principal-component analysis with normalized concentrations in chapter
7). This reactivity dependence of the profile strongry suggests that chemicar
conversion of P¡{H occurs. Again, the question as to the contribution of sampling
artifacts can be posed. A number of studies indicate, that sampling does indeed
lead to artifactual conversion of pAH already present on the filter (chapter r1).

æ Classification according Nielsen (19&l).
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Also in this case comparison of locations may indicate the importance of non-
artifactual causes. The two studies described in this thesis and the One-Year
Study showed an increasing share of the more reactive PAH in the profile upon
an increasing contribution of local sources, indicating that ageing of particles
is accompanied by chemical conversion and that the reactivitydependent variation
of the profile is by no means only the result of sampling artifacts. Comparable
results were obtained by Nielsen (Nielsen, 1988). It seems unlikely, that such

conversion will sewe as a complete sink for the more reactive PAII, as it has

been demonstrated that PAH, including the reactive ones, can be transported
over very long distances (Lunde and Bjørseth,1977; Bjørseth et al,1979).It
may be speculated that part of the amounts present in the particles are effectively

protected against chemical breakdown.

Finally, the influence of sources can be recognized in the variation of
the PAH profile, in particular when the results of the Photochemistry Study

are considered. Benzo(e)pyrene appeared to be a nearly exclusive marker PAH
for the distant sources, while the contribution by local sources was characterized

by relatively high concentrations of benzo(g,h,i)perylene. The latter has been

recognized as a marker PAH for traffic emissions (Katz and Chan, 1980; Daisey
et al., 1986), which is in line with traffic being the most important source in the
Delft area; factor analysis showed its concentrations to be influenced by a
separate factor, which was not associated with reactivity.

No separate factor for benzo(g,h,i)perylene was found during the One-
Year Study, while comparison
of locations did not reveal a relatively high contribution of local sources to the
concentrations of this PAH. This difference between the two studies is hard
to explain. Possibly it has to do with the fact that in the Photochemistry Study
only a motorway or part of a small town was lying between the two locations
to be compared. Thus, the samples to be compared differed only with respect

to a pure and fresh contribution of traffic, whereas the great distance between
the locations as well as the varying wind direction in the One-Year Study will
have lead to a much less monotypic difference between the samples to be

compared. Furthermore, the short sampling periods of the Photochemistry Study

allowedperiodswith different trafficdensities tobecompared,whereas sampling

in the One-Year Study lasted 24 hour, thus integrating the traffic of one day.

Relatively small increases of the concentrations of benzo(e)pyrene due
to local sources were also found in the Rijnmond Study and the One-Year Study.

Apparently, the particles emitted in the investigated regions are characterized
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by relatively row benzo(e)pyrene concentrations compared to particles emitted
by distant sources.

PAH as indicator compounds for air_pollution monítoring
PrA'rr, in particular benzo(a)pyrene, fulfil a role as indicatãr compounds in many
air-pollution monitoring programmes. The objective of monìtoring may be
restricted to their own group, i.e- the unsubstituted polyryclic aromatic hydrocar_
bons. It may also comprise the other polycycric *rpouno* emitted by mmbustion
processes. In both cases it is the concern about the possible carcinogenic
properties of thecompounds to be indicatedby theindicatãrpAH that motivates
monitoring.

A number of unsubstituted pAH are proven animal carcinogens
(santodonato et al., 1981; Montizaan et al., 19g9) and are ranked as probable
human carcinogens by the IAR. (IARC, 19g3). Although chemical anaþis of
these compounds is relatively easy, not all relevant pAH can be determined inroutine monitoring programmes. In particular so, as their number is greatry
increased by substitution with alþr groups. Alþrated pAH as a group show
very similar toxicological properties to the unsubstiiuted pAH, although alþlation
may lead to drastic changes of potency for individual pAH.

In the earlier days only one pAH, namely benzo(a)pyrene, was selected
as indicator compound (wailer, 1952), mainly because,r,"ìáirrnoóic properties
of the particles were rargely attributed to túe presence of this compound. Laterit was realized that other pAH may also contribute, which led in some casesto an increase in the number of indicator pAH. This broader approuch *u,
facilitated by the improvement of anaryticar chemicar techniques. well known
are the six of Borneff, which were chosen because they could åasily be detectedby thinJayer chromatography (Kunre and Bornefi 1976). Ntwadays gas
chromatography and high-performance riquid chromatogíaphy allow the
concentrations of larger numbers to be determined on u ,outin" u*is (sortland
Olufsen and Bjørseth, 19g3; Wise, 19g3 and 19g5; Bartle, 19g5). Again, the
selection is mainly determined by anarytical-chemicar 

"onu"nien"á, 
while their

representativeness for the compounds to be indicated, i.e. their real indicative
value, played no role at all.

, If monitoring is onry aimed at pAH themserves, the representativeness
of the indicator compound (its value as indicator compound) is solely determined
by the correlations among the pAH concentrations, i.e. their common variation.
Ideally, the composition of the particles as regards the pAH, incruding the
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indicator, should be constant. However, reality differs from this ideal situation.

As we have seen before, the composition will vary for several reasons. First of
all, it will vary at the source level. For instance, it depends on fuel type and a

great number of combustion conditions (Grimmer, 19838; Daisey et al., 1986)'

Furthermore, physical and chemical processes occurring in the air will cause

variation of the composition. rWhich sources actually contribute to the

concentrations on a particular site and time, depends on distribution, and,

thereby, on meteorological conditions. Moreover, the composition of the particles

is influenced by evaporation, condensation and chemical conversion during their

residence in the air.

So, a high indicative value of PAH towards their own group cannot be

taken for granted. It depends on the common variation of the complete group

of PAH and the correlation of the concentrations of the indicator PAH with
that common variation. An ultimate validation, therefore, demands a multivariate

analysis of the concentrations of a large number of PAH in a large number of
representative samples. This provides answers to the questions as to whether

one PAH, preferably benzo(a)pyrene, can be taken as indicator compound and,

if such would lead to a too wide margin of uncertainty, which other PAH should

be added.
PAH are not the only possible carcinogenic polycyclic components of

the particles. During combustion, many other polycyclics are also formed, among

them different types of PAH derivatives, heterocyclics and derivatives of these

compounds. Also these compounds may have carcinogenic properties, and

nowadays, it is generally accepted that they contribute significantly to the

carcinogenicity of the particles. Consequently, monitoring should also cover the

presence of these compounds in the air. PAH are the obvious indicator

compounds for monitoring these other polycyclics for the following reasons.

- They are emitted by the same sources and their presence will, therefore,

be linked with the other polycyclics.

- It would permit the interpretation of the already vast existing data base

of atmospheric PAH concentrations in terms of air pollution with the

polycyclics.

- Analytical-chemical techniques of proven reliability and convenience

are available.

- It is hard to select other representative polycyclics, because of their

diversity, their often unknown chemical nature and the incomplete

knowledge of their effects.
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It may be expected that the composition of the comprete group of polycyclics
will depend evenstronger on sourcepattern and phpiðal anJcnemicar processes
after emission than the composition of the group of unsubstituted pAH.
rmplicitl¡ their common variation as well as the correlations of the common
variation with the concentrations of the indicator PAH will be less. So, validation
of the PAII as indicator compounds for monitoring the other porycyclics is
certainlyrequired. To this end, a large number of representative coicentrations
of a large and representative number of rerevant compounds, including pAH
should be subjected to multivariate analyses. ïìvo proLlems arise here. First,not all relevant compounds have been identified yet2l. second, it is hard to
see how such an enonnous anaþical-chemical task could be u""o,npïrt ø. sofar,
onþ PAH and a few related compounds have been identified an¿ can be anallzed
with convenient techniques. It is questionabre whether they form a sufficientry
reliable basis for the validation.

However, the concentrations of this too limited set of compounds may
be supplemented with an effect, i.e. mutagenicity, which ,nuy pur,ty undo the
imperfect character of a validation based onlheir concentrations alone. Because
of the mechanisticrerationof mutagenicitywithcarcinogenicity, thecomposition
of the particles as regards the relevant polycyclic 

"orpoundr, will in someway be reflected by their mutagenic quarity (see chapier 3). consequentry,
changes in the mutagenic quarity poini to changes in the cámposition. The
changes themselves are not important, because they cannot beìnterpretated
in chemical or toxicorogical terms. It is the stability of the mutagenic quarity
that counts, as this stability points to stability of comiosition, or, inãth"r words,
predominance of common variation. so, the impossible task of murtivariate
anaþis with the concentrations of a large numbei of other polycyclics may not
be necessary. Instead, the mutagenic effects of a large nuru", oi*ámpres shourd
be subjected to multivariate anaþis.

A lack of common variation of the mutagenicity does not necessariry
indicate a lack of common variation of the relevant coÅpounds. As has beenset forth in chapter 3, the response of a mutagenicity test may be strongly
influenced by non-mutagenic compounds. These compounds maybear no rerevan-
ce in the context of our subject, i.e. they do not necessarily have a polycycric

21 For instance, the majority of the direct as wetl as the indirect mutagenicity is caused byunidentified nitrocompounds (c'hapter 10).

2 The compounds which contribute to the carcinogenic properties of the particres.
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nature, neither do they have to occur in combustion emissions. However, their
effects will in many cases be test-specific, which means that a variation of their
relative concentrations results in a variation of the mutagenic quality not associa-

ted with a variation of the relative concentrations of relevant compounds. This

problem could partly be addressed by choosing mutagenicity tests which do not
differ much with respect to their sensitivity to non-mutagenic compounds' The

Salmonella/microsome test may serve as an example here. It allovn the

comparison of diverse types of genetic endpoints in one organism. However,

it should be realized, that some test-specific influence of non-mutagenic

compounds will remain.
These considerations might give rise to the question as to why

mutagenicity itself is not proposed here as an indicator for the complete group

of possible carcinogenic polycyclic compounds in the particles. This would indeed

be possible, if multivariate analyses point to a strong common variation of a

series of mutagenic effects. Then one easy mutagenic effect may be used as an

integrative value indicating the intensity of air pollution with the complete group.

However, mutagenicity tests still lack the reproducibility, sensitivity and

convenience of the analytical-chemical methods used to determine PAH

concentrations, which does not make them attractive indicators. If PAH

concentrations correlate with the common variation of the mutagenicity, there

is no reason to use mutagenicity in stead of the more convenient and reliable

PAII concentrations. In case the correlations of the PAH concentrations are

too low, it may be a better strategy to look for another polycyclic compound

which does show the required correlation.

In summary, validation of PAII as indicator compounds requires a two-

step procedure. First, the common variation of the compounds which are to

be indicated has to be determined. To enable a meaningful monitoring of these

compounds with one or a few PAH, this common variation should be strong

enough. If validation is aimed at monitoring of the PAH themselves, the common

variation can be investigated by means of multivariate anaþes with the

concentrations of a large number of PAH. In case of the other polycyclics, the

mutagenic quality can be used as starting point. Then effects in different

mutagenicity tests have to be subjected to multivariate analysis. Astable quality

is a sure sign of a stable composition of the compounds which have to be

indicated. However, lack of stability of the mutagenic qualitydoes not necessarily

point to a lack of stability of the composition. It only means that mutagenicity

cannot be used to validate PAH as indicator compounds. As the second step

of the two-step procedure, the value of the prospective indicator compounds
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is established by investigating the correlation of the concentrations of these
compounds with the common variation of the compounds which have to be
indicated.

The studies presented in this thesis allow this two-step procedure to befollowed. Large numbers of sampres were analyzed for a ,"¡", or polycyclic
aromatic hydrocarbons and tested for mutagenicity with at least four variants
of the salmonella/microsome test. so, the common variation of the pAH and
themutagenic effects and the correlation of theconcentrations of indicatorpAH
with these common variations could be investigated.

obviously, thevalidity of the two-step procedure depends on the extent
to which the sampres 

:11b" regarded as representative for the poilution of theair with particulate pAH and mutagens in generar. They shouid not be taken
downwind of predominating sources or under selected meieorological mn¿itions.
This can be expected to result in an overestimation of the assessed indicative
value of the PAH concentrations, because the composition of the particles isless affected by variations of source pattern and variations of atmospheric
chemical and physical processes. It is clear that the Rijnmond study and the
Photochemistry study do not furfil this requirement. Thä sampres taken during
both studies can hardly be regarded as a random representative sampre of the
samples that can be taken in the Netherlands.

rn contrast, no meteorologicar conditions were selected during the one_
Year Study. The particles were collected each week, one year long, during afxed period of 24 hours. The sampres will represent a truly random andrepresentative collection. Moreover, the samples were taken at four different
locations, one real background location on the coast and three in an urban andindustrial area and not down wind of specific sources or source areas. rt may,therefore, be assumed that, in the cassof the one-year Stud¡ an assessment
of the indicative varue of the pAH concentrations is not affeãie¿ by a rack of
representativeness of the samples, at least if air pollution in the Netherlands
is considered. No overestimation of the indicative value will have occurred due
to a similarity of the sampres imposed by the set-up of the study. For this reason,
the two-step procedure will be foilowåd here in detail for this stuoy.

The common variation was investigated with the principar-component
anaþis. Anaþes were carried out for effects and concentrutioo. expressed pervolume of air and per amount of extract and for the samples of all samplingtimes and locations together. The two ways of 

"rpr"*riog 
the effects and

concentrations were used to investigate the influence of dispenion and deposition
on the common variation. The results are presented in Täble 14.1-
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Tàble 14.1 Principal component analysis with PAH-concentrations and
nutagenicity of the One-Year Study

A CONCENTRATIONS AND EFFECTS PER CUBIC METER AIR

CORREI.ATION WTTTT FINST PC

PAII

PHENANTTIRENE
ANTTIRACENE
FLUORANTHENE
PYRENE
TRIPHENYLENE
BENAA)ANTHRACENE
CHRYSENE
BENZO(E)PYRENE
PERYLENE
BENZO(B)FLUORANTHENE
BENZO(K)FLUORANTHENE
BENZO(ÐPYRENE
BENZO(G,H,I)PERYLENE
INDENO(C,D)PYRENE
ANTTIANTTIRENE

0.91

0.91

0.66

0.84

0.87

0.99

0.95

0.88

0.97

0.97

0.98

0.97

0.92

0.98

0.91

0.91

0.90

o.64

0.82

0.85

0.98

0.94

0.89

0.96

0.97

0.97

0.97

0.91

0.98

0.91

MUTAGENICITY

TA98 WITTI 59

TIA98 WITTIOUT 59

TA1OO WITTI 59

TA1OO WITÏIOUT 59

0.98

0.96

0.95

0.94

0.90

0.84

0.83

0.80

PERCENTAGE OF VARIANCE u.3 91.9 80.5



TABLE 14.1 Continued

CONCENTRATIONS AAID EEFECTS PER
TRACT

B
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MICROGRAM EX-

CORNELATION IITTH FIRST PC

PHENANTTIRENE
ANTTIRACENE
FLUORANTHENE
PYRENE
TRIPHBNYLENE
BENZ(A)ANTIIRACENE
CHRYSENE
BENZO(E)PYRENE
PERYLENE
BENZO(B)FLUORANTTIENE
BENZO(KJFLUORANTTIENE
BENZO(ÐPYRENE
BENZO(c,H,I)PERYLENE
INDENO(C,D)PYRENE
ANTTIANTTIRENE

0.8-5

0.82

0.60

0.72

0.82

0.98

0.93

0.96

0.95

0.96

0.94

0.90

0.89

0.96

0.8-5

0.83

0.79

0.57

0.68

0.79

0.97

0.92

0.96

0.9-5

0.96

0.94

0.90

0.90

0.96

0.85

TA98 WITTÌ 59
TIA98 WTTHOUT 59
TA1OO WITH 59
TA1OO WITIIOUT 59

0.95

0.94

0.95

0.86

0.87

0.79

0.82

o.7t

PERCENTAGE OF YARIANCE

The table shows the resul* of PC anaþses for matagenic effects and pAH concentratiow æpressedpr cubic meter aþ (A) and per microgram $tract (B). Listed are the conelations of the variables
with the first prkcipal component and the share of the first principar component (peientage) in the
suntnarìzed variance of all components.
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Figure L4.3 Concentrations of particulate benzo(a)pyrene, benzo(k)fluoranthene

and pyrene in the air at the Delft locøtion during the One-Year
Study; spring-summer samples; X-axis: weeknumbe4 I = week 15
of 1985.

The results can be summarized as follows:

The variation of the four mutagenic effects is predominantly determined
by a common factor. 86 to 92Vo of the variation of the data set is
explained by the fïrst principal component (PC) and all four effects show
strong correlations with the first PC.
The variation of the concentrations of the fifteen PAH is predominantly
determined a common factor. 78 to 84Vo of the variation of the data
set is explained by the first PC and most concentrations show strong
correlations with the first PC.

The analyses with effects and concentrations leads to a reduction of the
relative variance of the first PC to 7 4 and 81Vo, which can be explained
by a less strong correlation of the effects with the first PC.

Expression of effects and concentrations on a per-amount-extract basis

leads to a slight reduction of the relative variance of the first PC and
the correlations with the first PC.
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The one-Year study was characterized by much higher effects and concentrations
in winter than in summer (see Figure 14.1). To investigate the influence of this
difference on the outcome of the analyses, separate anaþes were carried out
with the summer samples- The results, which are not presented in detail here,
show that this selection did not lead to a decrease of the common variation (see
Figure 14.3 nor the concentrations of three pAH during spring-summer at the
Delft location).

The results reveal strong common variations for all three data sets. They
can even be expected to be stronger in reality than indicated by the pc analyses.
fn the case of mutagenicity the reason for this will be that the intra- and inter-test
variation cannot be corrected for by using positive contrors. The influence of
this artifactual variation can be substantial (see chapters 6 and g, De Raat et
al, 19874 and De Raat et ar., 19gg) and will certainly read to a marked decrease
of the correlation of the effects with the common variation of effects plus
concentrations. Thus, the already high common variation indicated uy the nc
anaþes represents an underestimation of the actual common variation.sampling
artifacts may also significantþ weaken the common variation. The concentrationsof the more volatile pAH will be affected by artifactual evaporation and
adsorption (chapter 11 and section 14.4), which will result in an extra variation,
as these artifacts will certainly depend on meteororogical conditions and the
composition of the air during sampling. The literatur" 

"u"o 
indicates that the

influence of these artifacts can even be so strong as to make the determination
of the volatile particulate pAH largely unreliable. It may safely be assumed that
without artifactual evaporation and adsorption, the common variation of the
PAH would have been higher. Moreover, artifactual chemical conversion of
PAH in the particles may occur and affect the concentrations of the more
reactive PAH. Also this artifact will depend on meteorological conditions and
composition of the air and will thus affect the common variation. However, asthe correlations with the first pc of the relatively inert and reactive pAH
(fluoranthenes versus benzo(a)pyrene and perylene (Nielsen, 19g4; Butler and
crossley, 19s1)) indicate, the influence orlnis artifact i, noirr"ryimportant.

obviousl¡ the common variations cannot be expecteá to become
complete if the influence of these artifacts could be correctåd for. The stability
of the profiles is also affected by causes which are fully detached of the methods
used. They have already been treated in the fÏrst two sections of this chapter.
The contribution of sources with different profires and the profiles of the
contributing sources will vary. Furthermore condensation, eàporation and
chemical conversion will lead to an extra non-common variation; however, these
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prooesses cannot be distinguished from their artifactual counterparts on the basis

of these anaþes.
The results of the Rijnmond Study and the Photochemistry Study \¡/ill

not be treated in detail in this context. They deviate on one important point
from those of the One-Year Study: The correlations between the PAII
concentrations and the common variation of the mutagenicity were less high.

In the case of the Rijnmond Study they were only moderate for all four test

variants (see chapter 6), while in the case of the Photochemistry Study correla-

tions approaching those of the One-Year Study were only found for the with-S9

variants, the without-S9 variants yielded only moderate correlations (see chapter

8). It is hard to explain these differences with the One-Year Study. In view of
the selection of meteorological conditions, higher correlations would have been

expected. It can be speculated that the strong influence of residence in the air

on the mutagenicity and the sharp difference between the PAH profiles of distant

andlocalsources mayhave lowered thecorrelations in the Photochemistrystudy.

No such explanations are available for the Rijnmond Study.

Täken together, the results of all three studies show that one or a few

PAH can be used as reliable indicators for the complete group of PAH. The
strong common variation of the mutagenicity observed in all th¡ee studies suggests

a stable composition of the particles as regards the other possibly carcinogenic

polycyclic compounds. The One-Year Study indicates that the same PAH can

be used to indicate these compounds as well; the indicative value of PAH in

this respect is less clearly indicated by the other studies.

These conclusions bring us to the question which PAH should be chosen

as indicator compounds. In view of the predominant role of benzo(a)pyrene

in air-pollution studies, this PAH would be an attractive choice. A break with
the past would be prevented; the results of future studies could be compared

with vast data sets collected in the past. Benzo(a)pyrene belongs to the group

of relatively reactive PAH and its concentrations may thus be influenced by

artifactual and atmospheric chemical conversion. However, what really counts

is the extent to which this conversion affects the common variation. The results

clearly indicate that this extent is only limited; correlations with first PC's

approach those of the relatively inert PAH. So, there is no real reason to use

other PAH in stead of benzo(a)pyrene as indicator compound.

Obviously, the ultimate evaluation of PAH as indicator compounds for
air pollution with possible combustion-related polycyclics cannot only be based

on the common variations revealed by multivariate analyses. Besides, the

objectives of monitoring should be taken into account. These objectives may
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demand such high predictive reliability that even the common variations observed
during the one-year study do not suffice. However, for two reasons, such anapproach would be meaningress. First, the common variation among the
mutagenic effects indicates to what extent the group of porycyclics behaves as
a tightlylinked group. Monitoring cannot be more accurate than this intra_group
variation allows, at least if monitoring is based on the concentrations of one
compound' second, the ultimate goal of monitoring is protection of the humanpopulation against too high exposure levels. Ho*"*r, it is fully unclear which
levels are indeed too high. Air-pollution threshold values for pAH are based
on very rough extrapolations from epidemiological dataa,which are inevitably
characterized by a great margin of uncertainty. rn trre opinion of the author,
uncertainty caused by a lack of common variation will sÀn be overshadowed
by this toxicological uncertainty. As long as the real human risk of lifetime
exposure cannot be indicated with more certainty, the common variations
obsen¡ed during the one-Year study would enable a suffìcient accurate
monitoring.

However, it is possibre to improve the indicative value by using more
than one indicator compound- In the ideal situation, one pAH shourd be used
besides other polyryclics representing classes known to be really toxicologicalry
relevant. However, such classes have not been identified yet. possible candidates
are the mono-nitro pAH; however more research is necàssary to estabrish theirtoxicological relevance to the full. Meanwhile, other pAH could be used. Tvo
categories form obvious choices. pAH representing different sourcqs, for instancebenzo(g,h,i)perylene and benzo(e)pyiene and pAH differing in chemicar
reactivity, for instance perylene and benzo(a)pyrene u"rrul one of thebenzofluoranthenes.

At this point, it is important to emphasize that the varidity of our
conclusions is restricted to the Dutch situation, because the samples represent
air pollution in The Netherrands. Extension to regions with other types of airpollution would in the first place require that differences in source pattern aretaken into account by using source-linked pAH as indicator 

"ompå,rrrdr.Finally, it should be emphasized that the conclusion, can only have aprovisional character because, the three studies were not designed to answer
the questions posed in this section. This hords in particurar for the concrusions
based on the mutagenic effects. The combination of four variants of the

æ which do not directry apply.tg human exposure to ambient airborne particles; they areconcerned rvith occupational or residential indoor exposure.
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Salmonella/microsome test is but a meagre basis for conclusions on the stability
of the composition of the particles as regards the relevant compounds. A follow-
up of this research should include more variants of this test and also other tests.

Furthermore, the correlation between the common variation of the mutagenicity

and the Pr{H concentrations may have been affected by inter-test variation, which
problem should be addressed in future studies by utmost standardization and

the use of positive controls.

Samphng ørtifacts

Polvcvclic aromatic hvdrocarbons

The results presented in chapter 11 clearþ demonstrate that the concentrations
of the more volatile PAII are affected by artifactual evaporation and adsorption.

I-ower concentrations were found when filters with a higher air resistance were

used (Teflon filters and Teflon-coated glass-fibre filters) instead of glass-fibre

filters, which can be explained by evaporation induced by a greater pressure

drop under these filters. These PAH were also found in the glass-fibre filters
which were mounted under the filters used for the collection of the particles.

As the possibility of an incomplete retention of particles could be excludedz,

adsorption of gaseous PAH from the air stream remains the only explanation.

Both, PAH originally present in the gas phase of the air and those evaporated

from the particles may be adsorbed by the filter material, while the evaporation

artifact will also affect the adsorbed gaseous PAH. As the adsorption of glass-

fibre upper filters will probably be equal to that of the glass-fibre under filters
(McDow and Huntzicker, 1990), it will be possible to correct the PAH
concentrations for the adsorption artifact by subtracting the amounts on the

under filter from those on the upper filter. However, as our results do not allow

the evaporation artifact to be quantified, it remains unclear whether these two

artifacts together cause an underestimation or an overestimation of the real

concentrations of the volatile particulate PAH in the air.

Several workers have tried to quanti$r the influence of the evaporation

artifact. The investigations of a Belgian group has lead to the definite conclusion

that evaporation does indeed significantly affect the PAH concentrations determi-

ned by the analysis of high-volume sampling. They found clear differences

between samples collected with cascade impactors and high-volume samplers

u Because of the absence or very low amounts of the less volatile PAII in the support filters.
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as regards the concentrations of the more voratile p.,A,H, which can onþ beexplained by artifactuar. evaporation (van vaeck et ai., 197g and rgTg).confirmation of this fìnding was obtaineà by reading pur" nirrog.r, gas throughloaded filters (with particles); this resulted in clear dãcreases of ihe concentrati-ons of the more volatile pAH (Van Vaelf et al., 19g4). F,r.thermore, theycompared on one hand sampling with one filter and an a¿*oruent to collect thevolatiles passing the fîlter, and on the other sampling with a series of filters andone adsorbent. They found rarger amounts of the more volatile pAH in theadsorbent of the one-firter samfre than in that of the murti-firter sampre. Theyconcluded, that this difference could only be the result ofartifactuar evaporation,induced by a greater pressure drop over the more heavily lu¿.n nlt"r of theone-filtersampre. Byrapidrychanging the firters theycourd reduce theevaporati_on loss to negligible proportions.

coutant et al. (lggg) used a set ofdenuder tubes to remove the pAH
from the airbeforeit passed the filter, whereafterthe voratilepAHweresampred
with an adsorbent. so, the pAH in the sorbent courd only stem from theparticulate material coilected by the filter and were evaporateiduring sampling.Evaporation appeared to be a veryimportant artifact for the morevolat'e pAH:
13vo and Tlvo of the total urount cotected for benz(a)anthracene andanthracene respectively. comparison of the amounts of the volatile pAH in firtersamples with and without denuder showed that under normal conditions theywill be the resurtant of both absorprion and evaporatron u, ;;;;"." grearerin the without- than the¡vith-denuder samples. The results of coutant et al.only give an impression about the evaporatiån of the rear particurate pAH; thetotal evaporation will arso involve adsorbed gaseous pAH and wil, therefore,be greater than the evaporation measured by Coutant et al.

The results presented in chapter 11 suggest that also less voratile pAH,
such as benzo(a)pyrene may be lost ty evaporation, although to a much lesserextent than their more v-olatile counterparts, as they *"rÃbr"-ed in largeramounts in the extracts of the support filiers of the T and ïb filters than in thoseof the Gfïrters- peters and seiferi lrlao¡ demonstrated the evaporation of thesePAH in anorher way. They impregnateá filters with tnc-u"orãiffiene. 

Afrersampling they had lost abour 70% oT the radioactivity, whicÀ 
"äto onty ueexplained by artifactual evaporation.

It is hard to see how strategies aimed at the quantification of artifactualevaporation or evaporatio.n sofar developed, could be used on a routine basisto correct the concentrations of the more voratile pAH obtained with high_volume sampling. Possibly they might be used to develop models which predict
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the influence of the artifact on the basis of sampling conditions, such as

temperature, relativehumidity,windspeed, flowrate, linearairvelocityand filter
material and the amount of organic material collected on the filter. However,

up to now, no attempts have been made to develop such models. So, for the

time being, it has to be concluded that high-volume sampling yields unreliable

results with respect to the concentrations of the morevolatile particulate PAH.

A third artifact that may affect the PAH concentrations is chemical

conversion. The influence of this artifact was investigated by comparing the

concentrations of relatively reactive and relatively inert PAH in samples mllected

simultaneously with different sampling materials, whereby it was assumed that

chemical conversion proceeds more rapidly on glass-fibre filten due to a supposed

catalyticeffecl fnsome experiments slightlylower concentrationswere observed

when glass-fibre filters were used, which made it probable that sampling with
these filters is indeed accompanied by chemical conversion of PAH. However,

on the whole, the difference caused by this artifact is only marginal. It should

be emphasized that this result does not necessarily mean that the influence of
the artifact itself is marginal. The possibility should be accounted for that

chemical conversion also occurs on the other filter types, albeit to a (somewhat)

smaller extent. It is by no means c€rtain, that chemical conversion is only

determined by a specifìc catalytic effect of the glass-fîbre filters. Another
mechanism might play a role on the other filter types.

There are various other approaches to investigate artifactual conversion

of PAH during sampling, besides comparing different filter materials. Basically

they all comprise comparison of PAH concentrations obtained under sampling

conditions which differ in supposed intensity of exposure to reactive gaseous

compounds. Sampling time and linear air velocity can be varied; particles can

be exposed to particle-free air after sampling; supposed reactive components

such as nitrogen dioxide or ozone can be added to the air before sampling, and

so on (De Raat et al, 19874). AII experiments following these approaches have

been carried outwith glass-fibre filters or quartz fibre filters. Sofar, Teflon filters

and teflon-coated glass-fibre fîlters have only been used in comparative studies

such as the one described in chapter 1L. Therefore, it remains unclear whether

or not the difference between the filters observed in the study of chapter 11

represents the complete conversion artifact or the top of an iceberg with

unknown dimensions. If the first is true, under the prevailing sampling conditions

the conversion artifact is of minor importance; a conclusion, which, because of
the extensive character of our study, can most probably be extended to most
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of the other studies presented in these thesis which are concerned with the
concentrations of the pAH.

In view of the wide spread use of high-vorume sampring in studies onthe presence of particulate pAH in the air, it is surprising ,h",it 
" 

artifactual
conversion of these compounds during sampling hãs reLiue¿ onry sporadic
attention. Obviously, the reliability of the concentrations of the less volatile pAH
as theyare determined afterhigh-vorumesampring is predominantrydetermined
by this artifact. As is revealed by the discussion section of chapter 1ï, the studies
carried out sofar have yielded rather conflicting results. It hu, .rnu.biguously
been shown that pure p¡\H adsorbed on a grass-fibre filter are converted
chemically upon exposure to the gas phase of ambient air (pitts et al., 197g and
J980; 

De Raat, 1983). Furthermore, the conversion artifact will seriously affect
investigations into the PAH content of particles from combustion emissions
(Lindskog, 1gg3; Risby and Lestz, 1gg3; schuetzre and perez,lgg3; Brontröm-
Lunden and Lindskog, 19g5; Hartung et ar., 19g6). whether it is reaily important
when ambient airborne particles are sampled, remains to be clarified. rt shourd
be pointed out that the pAH in these particles are part of a comprex matrixwhich may provide protection towards reactive gur"oì* species. Furthermore,
in contrast to particles directly sampled from combustion emissions, ambient
airborne particles have already been exposed to the air for some time before
theyaresampled. while the fluegases of combustion processes havebeen shownto be dynamic, instabre systems (Kamens et ar., rgu;Bell and Kamens, 19g6),it may be assumed that ambient air has reached a certain equilibrium, which
may be reflected in a ress high sensitivity of the particurate piH to sampring-
mediated conversion.

As a folrow-up of the study presented in chapter 11, it shourd beinvestigatedwhethervariation of the intensityof exposurå during sampling does
also leld indications for conversion if Teflonfirters or Tefron_coäted glass-fibre
filters are used. If the results show this not to be the caseã, or if conversion
is much less on these filter materials, the influence of the artifact can be easilyinvestigated by comparison of fìlter materials. Furthermore it is clear, that inthat case these fïlters shourd replace glass-fibre filters in future studies on theconcentrations of particulate pAH in ambient air.

ã That is to sa¡ if the artifact really depends on a specific catalytic effect of glass-fibre f¡lters.
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Mutagenicity
Chapter 11 shows that the use of teflon filters or teflon-coated glass-fibre filten
instead of glass-fibre fïlters leads to only slightly lower mutagenic effects.Inview
of the fact that the great majority of studies on the mutagenicity of ambient

airborne particles have been carried out with glass-fibre filters, this difference
can be called reassuringly small. Therefore, the results do not justiff a re-

evaluation of the mutagenic effects obtained sofar with glass-fibre filters, nor
do they provideconvincing arguments for usingtheother filters in futurestudies.

Theyclearly indicate that the conclusions of this thesis with respect to the spatial

and temporal distribution of the mutagenicity would not have differed much

if the other filters had been used instead of glass-fibre filters.

Concern about the influence of sampling on mutagenicity is in the first

place caused by the proven artifactual conversion of PAH induced by sampling.

As the mutagens identifîed sofar in the particles are mainly nitrated and

orygenated PAH and as PAH can react with air components to form such

mutagenic derivatives, it seems probable that the conversion of PAH during

sampling results in an increase of mutagenicity. Moreover, the similarity in

chemical structure of PAH and mutagens in the particles implies that the latter

may be apt to comparable reactions, leading to quantitative and qualitative

changes of the mutagenicity. These considerations make clear that the influence

of the filter material on mutagenicity should in the first place be interpreted

in connection with its influence on artifactual conversion of the PAH. The fint
question to be answered is: Is artifactual conversion of PAH indeed accompanied

by changes of mutagenicity? An answer requires experiments which clearly

confirm artifactual conversion of PAH. The fact that the study described in

chapter 11 does not clearly provide such confirmation, may be regarded as its

major limitation. Only marginal decreases of PAH concentrations were

accompanied by slight effects on mutagenicity, which leaves the question as to

the effects on mutagenicity that would have occurred if the decreases of PAH

had been more substantial. The amounts of PAHthat could havebeen converted

into new mutagens are only small. Moreover, these small amounts suggest that

also PAHlike molecules, such as the mutagens already present in the particles,

will not have reacted with reactive air components to any great extent.
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If the results reported in the literature are taken seriously, notwithstanding their
sporadic character, we have to concrude that other.u'nfmg conditionsã than
those prevailing during our study, may lead to more ariifa;ual convenion ofthe PAH. Episodes of photochemicar air poilution ,"y ror- instance be
accompanied by such mnditions. The question as to the effectof these mnditions
on the mutagenicity still remains to be answered. However, the sporadic characterof the available evidence for the artifactual conversion of pAH shourd be
emphasized andweighed against the extensive characterof ourstudy. Moreover,
the influence of firtermateriar on mutagenicity was meticulo.r.if inuotigated
by two other groups with similar results, ir. tt 

"y 
round no or onþrligh, 

"hung".of the mutagenicity (Fitz et al., l9g4 and Daisey et al., 19g3).
ours is the fîrst study to show the presence of mutagens in firters

mounted under the fîlters on which the particles have been coflãcted. In view
of the results presented in chapter 12 it is highly improbable that this mutagenici_
ty is caused by the adsorption of gaseous mutagens from the air. Furthermore,
the very low amounts of higher molecurar weight pAH excludes the possibility
that the presence of the mutagens is due an incomplete retention of the particles
b-v the upper filter (see also McDow and Huntzicker, 1990). This leaves the
chemical activation of adsorbed non-mutagenic mmpounds as the sore acceptable
explanation. The same extracts contained substantial amounts of more volatile
PAH, which may very well be the parent compounds of the mutagens, inparticular as it has been shown that pAH adsorbed to glass-fTbre are rather
sensitive to chemical conv3lio_n upon the exposure to the gaseous phase of theair (Pitts et al., r97B and 19g0; De Raat, 19g3). The same adsårption andconversion may be expected to occur on the upper filter, which provides anexplanation for the differences in mutagenicity úËtu"en ttre sanr-ftls collectedwith different types of fîlter material.

It can be concluded that the studies carried out sofar do not point to
serious sampling artifacts for mutagenicity. However, the fact that these artifacts
may strongly affect the varidity of mutagenicity studies on the particles in a crearly
adverse manner' justifies a greater research effort than has been made sofar.
The approach to be followed in future research depends on whether or not theindications for artifactual conversion of pAH can be confirmed. If they are, itshould beinvestigated to what extentconversion of pAH correrateswith changes

ø Important in this context are meteorological conditions, in particular temperature and humidity,as well as the chemical composition of thõ air, ln particutai ttre presencã-or i.ã.tiu" gaseouscompounds.
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of mutagenicity. Such studies should be concerned with quantitative as well as

qualitative changes of mutagenicity, as conversion of PAH and related compounds

could affect one type of mutagenicity while leaving the other unchanged.

Moreover, bioassay-directed fractionation could be helpful, as it allows the
obsewation of changes of the mutagenicity for separate groups of compounds

which would be obscured in the complete extract. If artifactual conversion of
PAH appears not to be of any importance, artifactual changes of mutagenicity

should be investigated when concentrations of supposedly reactive compounds

in the air are high, for instance during episodes of photochemical air pollution.
Furthermore, particles with a relatively short residence time in the air should

be involved in such studies, in order to exclude the possibility of reactions

affecting the mutagenicity being completed before sampling takes place. For
instance, it can be expected that the particles emitted by local traffic in the
Photochemistry Study will be more sensitive to artifacts than those emitted
upwind by distant sources.

The importance of the indirect mutagens

The first studies on the mutagenicity of ambient airborne particles pointed to
a predominant direct mutagenicity. This was a rather surprising result, as a

predominant indirect effect had been expected, because of the presence of
indirectly mutagenic PAII. However, the results seemed to indicate that these

compounds contribute only marginally. The direct mutagenicity unambiguously

pointed to a new class of particulate air pollutants with possible carcinogenic

properties. Obviousl¡ all attention was focussed on these compounds and the
fact that the tests also pointed to indirect mutagenicity was more or less

neglected. Soon, directly mutagenic nitroderivatives of PAII were identified in

several particulate materials produced by combustion processes and pyrolysis

(Gibson, 1982; Xu et a1.,1982; Gorse et al., 1983; Hanson et al., 1983; Wei and

Shu, 1983; Rosenkranz and Mermelstein, 1985; Beije and Møller, 190; Mücke

and Fiedler, 1990) and in the particulate fraction of ambient air (Ramdahl et

al., 1982; Nielsen et al., 1984; Tänner and Fajer, 1983; Rosenkranz and

Mermelstein, 1985; De Raat et al., 1988; Arey et al., 1989; Beije and Möller,
1990). In addition, the use of strains with a specifically reduced sensitivity for
nitro-group dependent mutagenicity (TA98NR and TA9SDNP) revealed that
the direct mutagenicity could at least largely be attributed to nitrocompounds

(Wang et al., 1980; Pitts et al.,1982A and 19828; Kado et al., 1986; Siak et al.,

1985; De Raat et al., 1988; chapters 8 and 10). ft was hypothesized that this



263
mutagenicity is formed during combustion or after emission by nitration of pAH
and PAH-like compounds. Nitro pAH received a prominent ir""" i" toxicorogSr
(Rosenkranz and Mermerstein, 19g5; Tokiwa and onishi, 19g6; Beije and Møiler,190) and they even seem to overshadow the ,'good ord,'pAH. Much research
has been, and still is aimed at answering the question as to the real toxicorogicar
relevance of these direct bacterial rutu!"^, which depend on bacterial reduction
and esterification for their often extremely mutagenic effects in the salmonel_
lalmicrosome test.

The emphasis on direct mutagenicity caused by nitro pAH may lead tothe impression that no indirect mutagãnicityis presentin ,rr" f".,i"r"*, or whenpresent, that it does not bear any relevance. close observation of the resultspublished sofar as weil as those presented in this thesis refutes this impression.rt turns out, that the predominance of the direct mutagenic effects of nitrocompounds depends heavily on the tester strain used. Þrom the beginning,virtually all tests have been carried out with strains TA153g and its plasmid-bearing derivative TA9g, because these were found to be the strains mostsensitive to the direct mutagenicity of the particres. However, even in thesestrains clear increas".__of ú" effect may be obtained upon the use of s9 fraction(Tälcott and wei, r977;Teranishi et ai., 197g; Dehneì et ar., 19g1; pi*s et ar.,1982A; Kado et ar-, 19g6; Barare et al., r9,r), which poinis to a significantcontribution of indirect mutagens. As was set forth in the first section of thischapter, decreases may also occur, in particular when meteorologlal conditionsduring sampling favour photochemical air poilution. The loss of directmutagenicity is, however, compensated for to a substantial extent by indirectmutagenicity' Thus the combination of photochemical air pollution and s9fraction may in these strains read to a prådominance of indirect mutagenicityover direct mutagenicity, as a result oi the activation of the former and theinactivation of the latter.
The importance of indirect mutagenicity is arso ilustrated by the effectsobtained with strain 

T100. In the Rijnmond study and the onelyear studyall samples were tested with this strain. The apprication of s9 fraction resurtedin an activation, which arways exceeded the àìrect mutagenicity. so, indirect
mutagenicitypredominates overdirect mutagenicityin thisstrain. Thisdifference
i:h TA98 can be exprained by the rower-sensitivity of rA100 for rhe directeffects of many nitroaromatic compounds (Rosenkranz and Mermelstein, 19g3).Furthermore, T4100 shows in gLnerar à rrigt 

", sensitivity for the indirectmutagenicity of unsubstituted pAH. Another strain with a relatively high
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sensitivity to indirect mutagenicity is T497, as became clear from the application

of this strain in the bioassay-directed fractionation experiments (chapter 10).

These considerations make clear that neglect of the contribution of the

indirect mutagens to the mutagenicity is not justified because it leads to an

underestimation of the mutagenic potential of the particles. The mutagenicity

of the particles is not solely determined by the direct activity of nitrocompounds;

compounds with indirect effects may contribute substantially. This is not to say,

that these indirect mutagens are not nitrocompounds. On the molecular level,

nitro PAH can be mutagenic by reduction of the nitro group and by oxidation

of their aromatic rings, in which case they are activated in a similar way as the

unsubstituted PAH (Fu et al., 1982; Rosenkranz and Mermelstein, 1983 and

1985; El-Bayoumy and Hecht, 1984; Bond et al., 1985; King et al., 1984). The

results of bioassaydirected fractionation strongly suggest that the indirect mutage-

nicity is indeed caused by nitro compounds. With the exception of the PAH

fraction, all indirect mutagenicity eluted in the same fractions as the direct

nitroreductase-dependent mutagenicity. Obviously, direct and indirect mutagenici-

ty of individual nitrocompounds needs not to be correlated as it is determined

by totallydifferent metabolic and genetic mechanisms. However, certain classes

of nitro compounds, as they are supposed to be isolated in chromatographical

fractions, may very well combine indirect and direct mutagenicity.

The experimental part of this thesis was not concerned with the link

between mutagenic quality and relevant effect in humans. However the results

give rise to some questions on this point. First of all the question as to the

toxicological relevance of the fact that the direct mutagenicity of the particles

depends largely on bacterial nitroreduction. Does a comparable activation play

a significant role in mammals after inhalatory exposure? Studies on the metabolic

conversion of nitro PAH in mammals suggest that nitrocompounds are not

reduced to a great extent by mammalian tissues, but that oxidative metabolism

prevails. Nitroreduction may largely be confined to the microbial gut flora and

exposure of the mammal to the reduced bacterial metabolites occuls by resorption

from the gut (Rosenkranz and Mermelstein, 1985; Tokiwa and Onishi, 1986;

Beije and MØller, 1988;Møller etal., 1990; Richardson et al., 1988).It is questio-

nable whether this activation pathwaybears relevance if effects in the respiratory

tract are considered.

These considerations point to the posibilig that the indirect mutagenicity

of the particles and the nitro PAH therein may be more important than the

direct mutagenicity, which is ironic, as the ovenvhelming interest of toxicologists

for nitro PAH stems in the first place from their often extremely direct



265

mutagenicity in bacte_rial mutagenicity tests. It is a well established fact that lung
tissues are capable of carrying out the metabolic conversions which lead to the
activation of pAH and their derivatives via ring epoxidation. Lung s9 fractions
have also been used in the Salmonella/microsome test and were found to benearþ as efficient activators of ambient airborne particles as liver 59 fractions
(De Raat, 1982; Jongen et ar., 19g4; Van Houdt et ar., rggg). This could mean
that, in fact, the effects determined in the presence of s9 fraction with strains
less sensitive to the direct mutagenicity of the particres, such as TA100, TA97
and rA98NR are more rerevant from a human-toxicological viewpoint than the
effects in strain TA98 and its parent strain TA153g. This does not automatically
imply that the presence of nitrocompounds is less relevant as well, because these
compounds may very well be responsible for the indirect mutagenicity next totheir well known direct effect.

Non bacterial tests

Many other tests and test variants can in principle be applied in studies on the
mu^tagenicity of the particles, next to the Salmonella/microsome test with itsdifferent strains and s9 fractions. As argued in chapter 2, most of these will affectthe experimental convenience of mutagenicity tåsting to a prohibitive extent.
However, the question as to the extra infãrmation that wourd have been providedby a more extensive qualitative differentiation than is possible within the
salmonella/microsome test remains. very little information is available that might
contribute to an answer to this question. some of the samples of the Rijnmond
study have been tested with an in vitro test for the induction of sister chromatid
exchanges (SCE test; De Raat, 19g2 and 19g3). comparison of the results
obtained with this test and those obtained with the Salmtnella/microsome test
suggests that the application of the SCE test does not lead to clearly deviating
global conclusions about the spatial and temporal distribution. The resurts ofAlink et al. (1983) lead to a comparable concrusion. The word ,,grobal,,in 

this
conclusion has to be emphasized, as the limited number of SCE tests carriedout in both studies prevents qualitative changes to be observed with the same
discriminating power as courd be achieved with the variants of the Salmonena/mi_
crosome test. For this, it would have been necessary to apply the in vitro scE
test on a much larger scare. Then it might be possibl"io t.u"" q,,ralita-tive changeslinked with processes and sources *hi"h-"r"upe attention when using theSalmonella/microsome test.

The induction of scE by extracts of the particres has also been
demonstrated by schürer et ar. (19s0), Lockard 

"t 
ut. ltlst¡, Krishna et ar.
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(1984), Seemayer et al. (1984), Pyysalo et al. (1987) and Hadnag5r et al. (1989).

In addition the particles were also found to be clastogenic (Krishna et al., 1984;

Hadnag5r et al., 1986 and Hadnag5l et al.; 1989) and to induce mutations in

mammalian tissue-culture cells (Crespi et al, 1985; Seemayer et al, 1987).It can

thus be concluded that the mutagenicity of the particles in tests with other test

organisms and test criteria is a well established fact. It appears that the in vitro
SCE test is at least sensitive enough to be used as a toxicological tool in studies

on the pollution of the air in a comparable way as the Salmonella/microsome

test. However, whether its convenience allows this, remains to be seen. Most
other mutagenicity test will certainly lack the nec€ssary experimental convenience.

Nevertheless, they still could add to our insight into the human-toxicological

relevance of the effects observed with the Salmonella/microsome test, in
particular if they are based on organisms, conditions and criteria which approach

the "reallife" situation more clearly. For instance, they could clariff the relevance

of the nitroreductase-dependent direct mutagenicity, the indirect mutagenicity,

the deactivation caused by 59 fraction etc. Applied to the fractions of bioassay-

directed fractionation, theycould directlyshowwhich groups of compounds are

reaþ important. Subsequentþ, air-pollution research and research on the adverse

effects in humans upon inhalation of the particles could be concernedwith these

compounds. Thus, an obvious follow-up of the studies described in this thesis

would be to study the mutagenicity of the particles with a more extensive

qualitative differentiation. This would lead to a more purposeful approach in

both the air-pollution type of studies as well as the studies aimed at the

elucidation of human risk.
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SUMMARY

Introduction
The studies presented in this thesis find their starting point and motivation in

the concern about the possible carcinogenic properties of ambient airborne

particles. Several lines of evidence point to the pollution of ambient air with
particulate carcinogens by combustion processes. Clear carcinogenic effects are

observed when extracts of the particles emitted by combustion processes and

those present in the air are tested in experimental animals, while epidemiologi-

cal studies suggest a carcinogenic effect of the former in humans as well. The

carcinogenic effects of both types of particles are attributed to the presenoe

of polycyclic aromatic hydrocarbons (PAI{) and related compounds, which are

products of the incomplete combustion of fossil fuels and other organic materi-

als. Consequently, PAH have received much attention in air-pollution research,

first, because of their own contribution to the carcinogenicity of the particles

and second, because they are regarded as indicators for the presence in the air

of the complete group of combustion-related and possibly carcinogenic

polycyclic compounds.

Ambient airborne particles are also shown to have mutagenic proper-

ties, the significance of which is largely determined by the predominant role

of mutations in the process of carcinogenesis. Cancer is in most, if not all cases

initiated by mutations and mutagenic compounds may, therefore, have carcin-

ogenic effects as well. Mutagenicity can thus be used as a sort of indicator for
the presence of possible carcinogens in air-pollution research, supplementary

to the concentrations of known or suspected carcinogens. Its practical use is

in particular determined by the experimental convenience of a number of test

methods for mutagenicity, which makes it possible to investigate the temporal

and spatial distribution of mutagenicity in the air alongside the concentrations

of possible carcinogens.

The present thesis is concerned with both, the mutagenicity of ambient

airborne particles and the presence of PAH in these particles. It consists of a
series of theoretical and experimental studies focussed on one or more of the

following aspects:

- human-toxicological significance and indicative value,

- possibilities and limitations of methods,
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- spatial and temporal distribution in The Netherlands,
- nature and diversity of the mutagens, and
- relation between mutagenicity and presence of pAH.

In the experimentar studies ambient airborne particles were collected by high_volume filtration on glass-fibre firters; extracts of the particres in organic
solvents were tested for mutagenicity with the Salmonella/microsome test and
analyzed for PAH with high_performance liquid chromatography.

Human- toxic ologic aI s igniftc anc e
The obvious conclusion is reached, that a direct correlation between the
mutagenicity, as it is determined by testing an extract of the particles in abacterial short-term mutagenicity test, and respiratory-tract 'cancer 

afterexposure of humans to the complete particles via inialation, cannot be
deduced from a comparison of the experìmental situation and the human invivo situation. rmportant reasons for this are the test specificiry 

"f 
;;;;'g.rt;

ty, the species, organ and tissue specificity of carcinoieniciry, ano the multi_
step character of carcinogenesis, initiation by mutatiãn u"ing ti" first step,
followed by promotion and progression. Furthermore, differerices in exposure
conditions are important. Arthough the respirable particles can compretery bemllected by filtration, mutagenicity testing iequires them to be extracted with
organic solvents, followed by mixing of the extract with an aqueous bacterial
medium. obviousry, this experimental procedure cannot be regarded as a good
model for human exposure via inhalation of the complete pu.",i"I., present intheir natural matrix ambient air.

However, this is not to say that a correlation can be excluded a nriori;it may, nevertheless, 
. îi.a It may directly be reveared by epidemiorogicar

studies or in a more indirect way by testing the particles o, trr"i. mutagenic
components in advanced experimental systems aimed at bridging the
extrapolation gap between effects of organic extracts in the salmonella/micro-
some test and induction of human respiratory-tract cancer upon inhalation ofthe particles. Although both types ofitudies have been ,urri"d out, they donot allow for definitive concrusions about the existence of the correlation.

The uncertainty about the correlation does not reaily undermine thevalidity of mutagenicity of the particles as an air-po[ution indicator. Itcontributes in a more indirect way to our understanding of the risk. It helpsto elucidate the nature.and intensity of exposure to a complex mixture ofpolycyclic compounds with proven experimental and human carcinogenicity,
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thereby, it helps to define starting points for regulatory measures and further
research aimed at bridging the extrapolation gap. In any case, it has lead to a
complete reassessment of the "position" of the PAH in air-pollution research
by demonstrating the importance of other compounds, most notably, nitrated
derivatives of PAH.

As for the risk caused by the presence of the PAH themselves, it is

concluded, that inhalation of the particles most probably represents a human
respiratory cancer risk due to the presence of these compounds alone, at least

ifwe accept the absence of a threshold dose level. A better understanding of
risk requires in the first place investigations into the carcinogenic effects of
PAH at very low dose levels in experimental biological systems.

Possibilities ani limitations of mutagenicity tests

Tvo important differences between mutagenicity testing in environmental
studies and most other studies are identified. First, most environmental
samples consist of complex mixtures with an unknown and variable compositi-
on, while well defined samples, mostly pure compounds are tested in other
studies. Second, quantitative comparison of series of samples is required in
environmental studies, while most other applications of the tests are aimed at

getting a qualitative indication of the mutagenicity of isolated samples. The
first difference implies, that in environmental studies the effects may much
stronger be influenced by interactions among the mutagens and between

mutagens and non-mutagenic compounds. If these interactions are too test
specific and vary too independently of the primary mutagenicity, mutagenicity

testing in environmental studies loses its sense. Various strategies to adress this
limitation of mutagenicity testing are proposed, among them direct investiga-

tion of interactions by means of bioassay-directed fractionationu, restriction
of testing to samples with a similar composition and selection of tests with a
specific low sensitivity to the non-mutagenic toxicity of the samples that have

to be investigated. Quantitative comparison of samples (the second difference)
implies that the tests have to fulfil certain requirements as regards discrimina-
ting power and reproducibility. Here we arrive at an inherent weakness of
mutagenicity tests in this context. No real positive controls can be applied, as

the composition of the samples to be compared is in principle unknown and,

what is more important, variable. So intra-test, inter-test and interlaboratory

27 By comparing the mutagenic effects of original extracts, extracts reconstituted from
fractions and the sums of the effects of fractions.
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variation cannot completely be compensated for by monitoring the sensitivity
of the test for the specific sample tobe tested. This problem sãrrerery restricts
the applicabilityof mutagenicity in air-pollution reseaich. Statements about the
mutagenicity in absolute quantitative terms are characterized by a wide marginof uncertainty and in this respect mutagenicity is crearry inferår to anarytical
chemical indicators, such as pAH concentrations.

PAH as indicator compounds for monítoring purposes
The results of three experimental studies,ln ,it i"h th" temporar and spatial
distribution of pArr concentrations and mutagenicity was irvestigated (see
below), allow for a provisional evaluation of particulate pAH as indicator
compounds for monitoring purposes. It is concluded, that in The Netherlands
the common variation of the pAH is strong enough to select onry one of them
as indicator compound, for instance uenÃ1a¡pyiene. The 

"o*,non 
variation

of the mutagenic effects was taken as a measure for the common variation of
the complete group of possibly carcinogenic combustion-related polycycrics and
could thus be used to validate the pAH as indicator 

"o*pouod, 
with respectto these compounds. It is suggested by one study that the indicative value of

the PAH can indeed be extended to these compounds. However, the other two
studies yielded a less clear indicative value in this respect. It must be emphasi_
zed, that the four effects determined with the salmonella/microsome test arebut a meagre basis for the estimation of the common variation of the other
polycyclic compounds. A more extensive qualitative differentiation of the muta_genicity is required for this purpose.

Sømpling aniføcts
The technique used to coilect the particles (high-vorume firtration over grass_fìbre filters) leads to a drastic change in their exposure to air components
which may in its turn lead to physicai as wen as chemicar changes- Artifactual
evaporation of particulate compounds and adsorption of gur"Ju. compounds
have been well estabrished for the pAH; they may iead to under- oroverestimation of the concentrations of the actual concentrations in theparticles. Furthermore, chemical conversion of compounds may take prace.
several studies suggest that the pAH concentrations based on ihis sampring
technique may also be affected by this artifact. only sporadic attempts havebeen made to investigate the influence of sampling on mutagenicity, withcontradictory results. However, artifactual conversion of pAH makes such
research urgently needed, because the conversion products can be highly
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mutagenic and because the original mutagens are probably chemically related

to the PAH and may, therefore, be sensitive as well.

In general, sampling artifacts are investigated by comparison of samples

taken under sampling conditions which are supposed to influence evaporation,

adsorption or chemical conversion differently. One of these conditions is the

filter material used. It has been shown, that artifactual chemical conversion of
a number of compounds, among them PrA,II, is stimulated or induced by the

use of glass-fibre filters and quartz-fibre filters. Some studies strongly suggest

that sampling with these filters leads indeed to lower concentrations of PAH

than supposedly more inert filters made of Teflon or Teflon-coated glass

fibres. If the conversion of PAH is indeed accompanied by a change of
mutagenicity, sampling with these filter types must lead to different mutagenic

effects. This was investigated in the study presented in this thesis by

simultaneously sampling with glass-fibre (G) filters and Teflon (T) or Teflon-

coated (Tc) filters. A detail which appeared to be important afterwards, was

the use of G filters to support the fragile T and Tc filters.

Slightly higher mutagenicity was found for the G fîlters. The difference

was too small to justi$ a drastic re-evaluation of the results obtained with G
filters so far, and it is improbable that the use of these fîlters would have lead

to significantly other results in the studies presented in this thesis. The

difference could be explained by adsorption of gaseous PAH to the filter
material and subsequent chemical conversion, as gaseous PAH as well as

mutagenicitywere found in the support filters, the presence of which could not

be the result of incomplete retention by the upper filter. A slight conversion

of PAH on G filters was indicated by the lower amounts of the more reactive

PAH on these filters. So, it remains unclear whether a stronger artifactual

conversion of these compounds, as has been reported in the literature, would

have been accompanied by changes of mutagenicity.

Gaseous tnutagens and PAH
It has amply been demonstrated, that, besides particulate PAH, gaseous PAH

may be present in the air in relatively high concentrations. The objective of
one study was to investigate whether the presence of these compounds is, like
that of their particulate counterparts, accompanied with mutagenicity. To this

end sampling was carried out with a filter to collect the particles and a

poþrethane plug to adsorb the gaseous compounds passing the filter.

Substantial amounts of PAH were indeed collected with the adsorbent. The

mutagenicity results were less unambiguous, due to a considerable background
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mutagenicity of the adsorbent, which increased during sampring. However, thebackground mutagenicity appeared to depend on the extraciion solvent. Itcould compretery be evaded by the use of acetone. with this solvent nomutagenicity courd be demonstrated in the adsorbent, no¡vithstanding highmutagenicity on the firter and rarge amounts of gaseous pAH in the adsorbent.
The interpretation of this resurt ãepends strongiy on the adsorption characte_ristics of the adsorbent. However, chemical anaþis makes clear that mostgaseous polycyclic compounds associated with the presence of pAH will to agreat extent be trapped by the adsorbent.

TemporøI and spatial distribution
The temporal and spatial distribution of mutagenicity and pAH concentrationswas investigated in three studies. In the first, 1tile Rijnmond study) thecontribution of sources in the urban and industrìafizeo ir¡r-ì"d area wasinvestigated by comparison of samples taken simultaneously at four locationsin the area and at one coastal rocation upwind, which was assumed torepresent the background level of the area. A substantial contribution tomutagenicity and PAH concentrations by sources in the area was observed; atthe prevailing wind direction (south west; ttris contribution clearly exceededthe background levels. The mutagenic efÉcts obtained with different variantsof the test were strongly correlated; in generar marginal to strong activation bys9 fraction was found depending on thJ tester strain. It may be concluded thatthe temporal and spatial distribution did not strongry depend on the variant oftester strain or the use of s9 fraction. Nevertheless, a *eat.r activation by s9fraction was observed upwind than in the area, indicating a change of themutagenicity upon residence of the particles in the uif *rri"r, can mostprobably ascribed to atmospheric chemical conversion. The anarysis of thetemporal and spatiar v_aliation of the mutagenicity was formarized with a seriesof mathemathical moders. These moders sJggested that the effects in the areaare not solely the resurt of the addition of iocal emissions to the background,but that they are also influenced by interactions. rhe besrfîtting model wasused to calcurate the increase of thå mutagenicity due to the emissions in thearea.

Multivariate analysis revealed a strong common variation for thedifferent PAH. Deviations from this pattern were specifically associated withvolatility and, to a resser extent, with chemical reactivity. The concentrationsof the more volatire pAH may be influenced by an extra variation due tosampling artifacts, variations in source pattern and atmospheric evaporation,
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condensation and adsorbation. However, these possible causes cannot be

singled out on the basis of the results. The variation associated with chemical

reactivity may point to artifactual conversion during sampling and atmospheric

conversion. The importance of the latter possibility is unambiguously indicated

by the relatively lower background concentrations of the more reactive PAH.

No¡vithstanding the fact that mutagens and PAII are both emitted by

the same group of sources, they were only moderately correlated in this study.

Selection of sampling trips with similar wind directions lead to an increase of
the correlations, which shows that changes of source pattern or atmospheric

chemical reactions weaken the link between mutagenicity and carcinogenicity.

In the second study (the Photochemistry Study), the particles were

collected upwind and downwind of a motorway and part of the town of Delft

during photochemical air pollution. Short samples were taken to allow the

development of mutagenicity and PAH concentrations over the day to be

followed, alongside the development of chemical parameters of photochemical

air pollution. A striking difference was observed between the mutagenicity

profiles (proportion of the effects determined with the different test variants)

of the particles collected upwind and those emitted by the local sources (only

traffic). The former showed strong inactivation upon the use of 59 which was

partly compensated by activation in case of the latter, which suggests that

during photochemical air pollution, atmospheric conversion has a drastic effect

on the mutagenicity. The use of the nitroreductase strain TA98NR next to its

parental strain TA98 unambiguously demonstrated that virtually all mutagenici-

ty was caused by nitrocompounds, i.e. depended on the reduction of ni-

trogroups. Because of its drastically reduced sensitivity to the S9-independent

or direct mutagenicity, this strain allowed to investigate whether S9-dependent

or indirect mutagenicity was present which was obscured by the inactivation of
the effect in T498. A clear activation was observed.

No typical diurnal variation of mutagenicity was observed, quantitatively

nor qualitatively, suggesting that mutagenicity was not affected by

photochemical air-pollution as it developed during the day in the region of

investigation. This might be explained by an already maximum chemical

conversion for the particles upwind before they reach the area and a too short

residence time of the particles emitted in the area. The mutagenicity observed

in the presence of 59 showed a stronger link with the SO, concentrations than

the direct mutagenicity, which suggests that the former is less strongly affected

during transport in the air.
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The PAH profile did not differ much from that observed in the RijnmondStudy' Again, a rather strong common variation of the pAH concentrationswas indicated by murtivariate anarysis; the non-common variation wasspecifÏcally associated with volatility ana, to a lesser extent, with chemicalreactivity and sources. The contribution of the locar sources wás characterized
by relatively higher concentrations of more reactive pAH and benzo(g,h,i)-p-
erylene' rn case of the 

:"u"lr-u: 
pAH, this points to conversion of pAH duringtheir residence in the air, while benzo(g,h,i)perylene signifies the contribution

of traffic. The average contribution, *"i" ranging from ovo for benzo(e)pyreneto 90vo for benz(a)anthracene of the concentraiions observed upwind.
The correrations between mutagenicity and pAH concentrationsdepended on s9 fraction. In the absenãe of s9 fraction, onry moderatecorrelations were observed, while its presence lead to a substantial increase.It seems probable, that this difference reflects a much strÇr effect ofatmospheric chemical conversion on the direct mutag"oi"ity. rii* is in linewith the obsen¡ation that the indirect mutagenicity ir rlrong"r rinkeo with thevariation of the So, concentrations.
The third studyæ (the one-year study) differed in one importantaspect from the other. two._No meteorological conditions were serected for.The particles were collected weekly during'one year at four rocations, amongthem one presumed background locatiorinear the coast. The sampres can,therefore, be regarded as a more or less random and aselective sampre ofsamples that can be collected in the Netherlands over a year. on many pointsthe results confirmed the results of the other two studies. The nitroreductase

dependence of the effects was somewhat less than it was in the photochemistry
study (7ovo in stead of Bovo).However, this dependence is stin strong enoughto suggest that all direct-mutagenicity depends on the reduction of nitrogroups.The difference is artributed to ¿rffeÀnces in meteororogical conditions;photochemical air poilution is apparentry accompanied by the formation ofnitrocompounds with a ress stro;g residual mutagenicity in TAggNR or theelimination of other nitrocompounds. Most of the sampres showed activationupon the use of s9 fraction, thereby, resembring the saåpres or ttre Rijnmondstudy. Activation was not stronger in the nitroreductase-dependent strain thanin its parental strain, which rãveals that no inactivation occurred which is

ä This study is not described compretery and in detailed form in a separate chapter in thisthesis. Resurts which provide n"n"i rr".1oãì¡ão'J'r¡" other srudies, are presented in asupplementary discussion (chapter 14). See o" nãá, ,ì aL (1983) for a deraired report in Dutch.
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obscured by activation. so, photochemical air pollution appears to go

specificallywith the formation of inactivatable compounds. It is speculated that

these compounds are products of the nitration of gaseous PAH via the

reaction with OH radicals.

Diversity and nature of the mutagens

fn order to investigate the diversity and chemical nature of the mutagens,

extracts of the particles were fractionated with a number of chromatographical

techniques. The fractions were tested with different variants of the Salmonel-

lalmicrosome test and analyzed for the presence of PAH and several nitro

PAH. This combination of fractionation, testing and chemical analysis is often

referred to as "bioassay-directed fractionation". Seven distinct groups of

mutagens could be discerned. Tpo of them were identified as PAII and mono-

nitro PAH. A significant contribution was excluded for the well known and

extremely mutagenic dinitropyrenes, compounds which have been identified in

ambient airborne particles by other authors as well as in a number of
combustion emissions. In the presence of 59 fraction and depending on the

tester strain, 5 to zOEo of the mutagenicity could be attributed to PAH. The

presence of mono-nitro PAH explained 13 to 24Vo of the mutagenicity, depen-

ding on strain as well as presence of 59 fraction.

The direct effects of the other five fractions showed a clear nitroreduc-

tase dependence. The results, therefore, strongly suggest that indeed all the

direct mutagenicity in the particles is caused by nitrocompounds. The same

fractions often showed a clear-cut indirect mutagenicity. Similar types of

nitrocompounds could contribute to this effect, because nitro PAH can in

principal be activated via two routes: reduction of the nitrogroup by the

bacteria, causing the direct effect and epoxidation of aromatic rings by the 59

fraction, causing the indirect effect. In view of the probable insignifïcance of

the first route in mammals, it is concluded that the indirect mutagenicity

deserves more attention than it has received sofar. Effects in strains with a

high relative sensitivity to the indirect mutagenicity, such as strain T497, might

be more relevant, than those obtained with the widely used strain T498.

Obviously, bioassay-directed fractionation may be a powerful tool to

investigate the general toxicological relevance of the mutagenicity of the

particles. By testing the fractions with a series of tests, the really important

groups of compounds can be distinguished from the groups with a specifically

strong bacterial mutagenicity. This will lead to more purposeful investigations

on the identity of mutagens that may pose a real threat to human health.
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Furthermore, bioassay-directed fractionation may be used to investigate theinfluence of atmospheric as we[ as artifactual chemical conversion on themutagenicity. Ttrese changes can directly and sensitively be visualized as shiftsin the "mutagrams"æ, even when they compensate each other in the effectsof the complete extract.

æ ch.orutog.ums prepared with mutagenicity as detection criterion.
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SAMENVAITING

Inleiding
Buitenlucht bestaat niet alleen uit gasvormige stoffen, maar bevat daarnaast

ook vaste stoffen en vloeistoffen, die tezamen de "deeltjesfractie" vormen. Het
onderzoek dat in dit proefschrift is beschreven vindt zijn aanleiding en

motivering in de zorg om de kankerverwekkende of carcinogene eigenschap-

pen van de deeltjesfractie. Verschillende onderzoekslijnen laten zien dat de

deeltjesfractie wordt verontreinigd met carcinogene stoffen door emissies van
verbrandingsprocessen. Extracten van de deeltjes in buitenlucht en in emissies

van verbrandingsprocessen blijken ondubbelzinnig carcinogeen te zijn wanneer
ze worden onderzocht met proefdieren, tenrijl epidemiologische studies

hebben laten zien dat verbrandingsemissies ook voor de mens carcinogene

eigenschappen kunnen hebben. De carcinogeniteit van de deeltjes in bui-

tenlucht en verbrandingsemissies kan worden toegeschreven aan de aanwezig-

heid van dezelfde groep chemische stoffen, waartoe de polycyclische

aromatische koolwaterstoffen (doorgaans afgekort als PAK) behoren en die
verder een groot aantal andere polycyclische aromatische stoffen bevat. Deze

stoffen worden gevormd tijdens de onvolledige verbranding van fossiele

brandstoffen en andere materialen van organische oorsprong.
PAK hebben veel aandacht gekregen in het luchtverontreinigingsonder-

zoek vanwege hun bijdrage aan de carcinogeniteit van de deeltjesfractie. Tæ

worden verder beschouwd als indicatorstoffen voor de aanwezigheid in de

buitenlucht van de complete groep polycyclische en mogelijk carcinogene stof-

fen die door verbrandingsprocessen worden geemitteerd.

De deeltjes in de buitenlucht blijken ook mutagene eigenschappen te
hebben. Het belang van deze bevinding is vooral gelegen in de belangrijke rol
van mutaties bij het ontstaan van kanker. Kanker blijkt in de meeste, zo niet
alle gevallen te worden geinitieerd door mutaties en mutagene stoffen dienen

om die reden als mogelijk carcinogene stoffen te worden beschouwd. Dit
betekent dat mutageniteit in principe kan worden gebruikt als een soort van

indicator voor de aanwezigheid van carcinogene stoffen in de buitenlucht, in
aanwlling op de concentraties van stoffen met bewezen carcinogene

eigenschappen. De praktische toepassing in deze zin in luchtverontreinigings

onderzoek wordt vooral bepaald door de gevoeligheid en de experimentele

eenvoud van een aantal biologische toetsmethoden voor de mutageniteit van
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stoffen. Hierdoor is het mogerijk de verdeling in ruimte en tijd van demutageniteit van de deeltjesfractie met bijna dezéffide flexibiliteit te onderzoe-ken als die van de concentraties van 

""r"inog"n" 
stoffen.

In dit proefschrift komen zowel de mutageniteit van de deeltjes ars deaanwezigheid van pAK en verwante verbindingen in de deeltjes aan de orde.Het is opgebouwd uit een aantal theoretische en experimentele studies die metname gericht zijn op de volgende ondenverpen:

- humaan-toxicologische betekenis,
- mogelijkheden en beperkingen van methoden,
- verspreiding in ruimte en tijd,
- chemische identiteit en diversiteit van de mutagenen en
- relatie tussen mutageniteit en aanwezigheid van pAK.

De deeltjesfractie werd in de experimentele studies verzameld door filtratievan grote hoeveelheden lucht ("high-volume sampling") over glasvezelfïrters.De filters met afgevangen deeltjes werden g""*trut 
""r¿ rñet organischeoplosmiddelen. De extracten werden venrorgens onderzocht op mutageneeigenschappen met de sarmoneila/microsoomioets gÃ", i"ì,',j 

"o 
g"unuty_seerd op de aanwezigheid van p¡{,K met hoge-druk vloeistofctrromatografie

(HPLC).

Huma an -toxic ologis che b ete ke nis
Een theoretische beschouwing leidt tot de vorgende voor de hand liggendeconclusie: een directe correratie tussen 

"o"rr¡d, mutageniteit, zoals die isbepaald door het toetsen van een extract van de deeltjes in een kortdurende
mutageniteitstoets met bacterien, en anderzijds kanker in de ademhalingswe_
gen na de blootstelling van de mens aan de comprete deeltjes in de buiten_lucht, niet kan worden afgereid uit een vergerijling ',run oL experimentele
situatie en de menserijke in-vivo situatie. Berangrijke iedenen hieåoor zijn detoetsspecificiteit van de mutageniteit, de soort-, orgaan- en weefselspecificiteitvan de carcinogeniteit, en het "meer-staps-karakter" van carcinogeniteit.verder zijn verschillen tussen de experimenìele blootstelling en de brootstel_ling van de mens van berang. Hoewel de deeltjesfractie kan worden verzamerddoor filtratie, is extractie noodzakelijk om mutageniteitstoetsing mogelijk temaken, terwijl de extracten vervorgens vermengd worden met'een waterigmicrobiologisch medium- Deze expeiimentere procedure mag vanzelfsprekend
niet worden beschouwd ars een goed model voor de blootstelling van de mens
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door inademing van de complete deeltjes in hun natuurlijke matrix, de bui-

tenlucht.
Dit betekent echter niet dat daarmee een correlatie a priori kan

worden uitgesloten; hij zou ondanks alles toch kunnen bestaan. Of er sprake

is van correlatie kan direct worden onderzocht door middel van epidemiolo-

gisch onderzoek of, op een indirecte manier, door onderzoek met geavanceer-

de experimentele systemen, specifiek gericht op het overbruggen van de

extrapolatiekloof tussen effecten van extracten in de Salmonella/microsoom-

toets en het ontstaan van kanker bij de mens tengevolge van de inademing van

de deeltjes. Hoewel beide benaderingen aandacht hebben gekregen, is het

(nog) niet mogelijk een definitieve conclusie te trekken over het bestaan van

een correlatie.
De waarde van de mutageniteit van de deeltjes als luchtverontreini-

gingsindicator wordt niet volledig bepaald door het al of niet bestaan van een

correlatie. Mutageniteit draagt ook op een meer indirecte wijze bij aan het

inzicht in de risico's voor de mens. Door mutageniteitsonderzoek kan duidelijk-

heid worden verkregen over de aard en de intensiteit van de blootstelling aan

een complex mengsel van polycyclische verbindingen met bewezen experimen-

tele en humane carcinogeniteit. Daardoor helpt mutageniteit de uitgangspun-

ten vast te stellen voor enerzijds beleidsmaatregelen en anderzijds verder

onderzoek dat gericht is op het overbruggen van bovengenoemde extrapolatie-

kloof. Mutageniteit heeft in ieder geval geleid tot een ingrijpende herwaarde-

ring van de rol van PAK in het luchtverontreinigingsonderzoek, door te wijzen

op het belang van andere verbindingen, met name de genitreerde derivaten

van PAIC
wat betreft de PAK zelf, wordt in dit proefschrift geconcludeerd dat

de inhalatie van buitenlucht alleen al een kankerrisico met zich meebrengt

door de aanwezigheid van deze stoffen, afgezien van de aanwezigheid van

andere mogelijk carcinogene stoffen. Diq als het ontstaan van kanker bij de

mens tengevolge van de blootstelling aan PAK, zoals algemeen wordt aange-

nomen, geen drempelwaarde ("no-effect level") vertoont. Tegelijkertijd wordt

echter deze aanname ter discussie gesteld. Er zijn redenen om te veronder-

stellen, dat een "no-effect level" mogelijk is, of dat de dosisafhankelijkheid in

ieder geval sterk zal añvijken bij de lage concentraties waaraan de mens wordt

blootgesteld bij het inademen van buitenlucht. Een beter begrip van het risico

vereist dan ook in de eerste plaats onderzoek naar de carcinogeniteit van PAK

bij lage blootstellingsniveaus in experimentele systemen'
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MogelijØteden en beperkingen van mutageniteißtoetsen
De toepassing van mutageniteitstoetsen in milieuonderzoek verschilt in twee
opzichten fundamenteel van de toepassing in de meeste andere studies. In de
eerste plaats is van belang dat de te toetsen monsters in het milieuonderzoek
wijwel altijd complexe mengsels van stoffen zijn met een onbekende en
wisselende samensteiling, terwijl in de meeste andère studies goed gedefinieer_
de monsters of zuivere stoffen worden getoetst. verder vereist milieuonder_
zoek meestal een kwantitatieve vergeli¡king van monsters wat betreft hun
mutageniteit, terwijl in ander onderzoek doorgaans een kwalitatieve indicatie
over de mutageniteit van geisoleerde monsters volstaat.

Het eerste verschil impliceert dat in milieustudies de waargenomen
effecten sterker worden beihvroed door interacties tussen de mutagenen
onderling en tussen mutagenen en niet mutagene stoffen dan in andere
studies. Als deze interacties te toetsspecifiek zijn en bovendien onaftrankelijk
variëren van de primaire mutageniteit, verliest mutageniteitstoetsing in mi_lieustudies zijn betekenis. Er kan op verschillende manieren met deze
beperking worden rekening gehouden, bijvoorbeerd door de interacties directte onderzoeken met "bioassay-directed fractionation',s, door hei onderzoek
te beperken tot monsters die voldoende in samenstelling overeenkomen ofdoor het gebruik van toetsen met een relatief geringe" gevoeligheid voor
andere toxische effecten (dan de mutageniteit).

Kwantitatieve vergerijking van de monsters (het tweede verschil) houdtin dat strengere eisen gesterd moeten worden aan het onderscheidend
vermogen van de toetsen en de reproduceerbaarheid van hun uitkomsten. Een
belangrijke beperkende factor hierbij is dat de variatie van de gevoerigheid van
de toetsen niet goed met positieve controres kan worden onãerzocht, omdat
de samenstelling van de monsters onvermijdelijk onbekend zalzijn en,wat nogbelangrijker is, in veer gevaflen zal variëren. De intra-test-, inter-test- en inter_
laboratoriumvariatie van de gevoeligheid zar artijd een zekere stofafrrankerijk_
heid vertonen, en het is daarom moeilijk een serie toetsresultaten met
verschillende monsters te corrigeren voor variaties in de gevoeligheid door
middel van een externe standaard in de vorm van een positieve-controlestof.
Dit probleem beperkt de toepasbaarheid van de toetsen in luchtveront-
reinigingsonderzoek in ernstige mate. uitspraken over de mutageniteit in

.. 
s D*' hetlergelijken van mutagene effecten van oorspronkelijke extracten, extracten diezijn samengesteld uit analytisch-chemiscn bereide fracties en de gesommeerde effecten van zulkefracties.
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lnvantitatieve termen worden dan ook gekenmerkt door een grote onzeker-
heidsmarge en in dit opzicht is mutageniteit als indicator inferieur aan

analytisch-chemische indicatoren, zoals de concentraties van PAIC

PAK als indicatorstoffen voor monitoring
Een voorlopige evaluatie van de PAK als indicatorstoffen (ook wel gidsstoffen
genoemd) voor monitoringsdoeleinden werd uitgevoerd aan de hand van de

resultaten van een drietal studies waarin de verspreiding van deze stoffen in
ruimte en tijd werd onderzocht. Dit leidde tot de conclusie dat in Nederland
de gemeenschappelijke variatie van de PAK als groep zo sterk is, dat één of
een beperkt aantal PAK als indicatoren voor de complete groep kunnen

dienen. De gemeenschappelijke variatie van de mutagene effecten werd

beschouwd als maat voor de gemeenschappelijke variatie van de gehele groep

van mogelijk carcinogene polycyclische verbindingen die door verbrandingspro-

cessen worden geömitteerd. Dit maakte het mogelijk de waarde van de PAK
als indicatorstoffen voor deze groep te beoordelen. Eén van de studies sugge-

reert dat de indicatieve waarde van de PAK zich inderdaad tot de gehele

groep uitstrekt. De resultaten van de andere twee studies wijzen daarentegen

op een meer beperkte indicatieve waarde.

Benadrukt moet worden dat de vier mutagene effecten die met de

Salmonella/microsoomtoets werden bepaald, een mager uitgangspunt vormen

voor het schatten van de gemeenschappelijke variatie van de gehele groep

polycyclische stoffen. Een meer gedifferentieerd beeld van de mutageniteit

(meer en sterker uiteenlopende effecten) is vereist, voordat op grond van de

gemeenschappelijke variatie van de effecten definitieve conclusies kunnen

worden getrokken over de indicatieve waarde van de PAK.

Mon s t e rn ame art e f a c t en

Tijdens de monsterneming vindt een drastische verandering plaats van de

blootstelling van de deeltjes aan de lucht. Veranderingen in de samenstelling

van de deeltjes zijn hiervan het gevolg. Vaste stoffen in de deeltjes verdampen

en gasvormige stoffen in de lucht adsorberen aan de deeltjes of het filter.
Beide processen kunnen de uiteindelijke concentraties van de PAK in de

monsters beinvloeden en kunnen leiden tot aanzienlijke over- en onderschat-

tingen van de werkelijke concentraties in de lucht. Verder kunnen de

veranderde blootstellingsomstandigheden chemische omzettingen tot gevolg

hebben. Verschillende studies suggereren dat de PAK-concentraties ook voor
dit artefact gevoelig zijn.
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De invloed van monsternameartefacten op de mutageniteit van de deeltjes is
slechts sporadisch onderzocht, met tegenstrijdige resultaten. De artefactuele
omzetting van de pAK maakt zulk onderzoek echter dringend gewenst, omdatde omzettingsprodukten van p¡{K sterk mutageen kunnãn zij-n en omdat deoorspronkelijke mutagenen waarschijnrijk chemisch venvant,in met de pAK
en daarom gevoelig zouden kunnen zijn voor vergelijkbare omzettingen.

Monsternameartefacten worden in het 
"tg.n'on onderzocht door

monsters te vergerijken die tegerijkertüd op dezerfde rocatie zijn genomen,
waarbij de monsternametechniek zodanig verschilt dat verschillen in verdam-ping, adsorptie of chemische omzetting verwacht mogen worden. verschillen
tussen deze monsters wat betreft pAK-concentraties ãf mutageniteit vormen
een duidelijke aanwijzing voor het optreden van artefact"n."E"n berangrijk
aspect van de monsternametechniek is in dit verband het toegepaste
filtermateriaal. De artefactuere omzetting van pAK brijkt te worden gestimu_
leerd indien de deeltjes worden verzaÃerd op glasuezer- of kwartsfîlters.
sommige studies hebben aangetoond dat Tèflon-firters en met Tþflongeilnpregneerde filters, waarvan wordt verondersteld dat ze meer inert zijn,
hogere P.,A,K-concentraties opleveren. Als de omzetting van pAK inderdaad
gepaard gaat met veranderingen van de mutageni teit, zal de monsterneming
met de meer inerte firtermaterialen andere mutagene effecten tot gevorg
hebben dan met de gebruikelijke glasvezelfilters.

Deze veronderstelling werd getoetst door simultane monsterneming
met glasvezelfilters (G-firters) en Tèfl on-geirnpregneerde fìrters (Tg_filters) ofTeflonfilters (T:fïlters). Een experimentáer detail dat achteraf berangrijk isgebleken, is het gebruik van onderfirters van glasvezel ter ondersteuning van
de fragiele T.. en Tg-firters. De mutageniteit bleek in geringe mate firterafhan_kelijk te zijn. rets hogere effecten werden doorgaaãs gJvonden met de G_fìlters' Het verschil was zo krein, dat geen ingrijpende herwaardering nodig isvan de tot dusver vrijwer uitsluitend met c-nlteÅ verkregen g"g"rr"n* over demutageniteit van de deertjes. Het is onwaarschijnrijk dat"het !eõ.,rit van T: ofTg-filters i'p'v' G-fìlters bij het in dit proefschrift beschreven onderzoek totsignificant verschillende resultaten ,ou h"bb"o geleid.

Het verschil in mutageniteit kon worden verklaard door adsorptie vanvluchtige P¡{,K aan glasvezelfirters, gevorgd door chemische omzetting,
aangezien zowel gasvormige pAK als mutageniteit aanwezig waren in deonderfilters en deze aanwezigheid niet het gevolg kon zijn uuo J"n onvolredige
retentie van de deeltjes door het bovenfiiter. Lagere hoeveelheden van de
meer reactieve PAK op de glasvezelfilters wezenop een geringe omzetting van
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PAK in de deeltjes tijdens de monsterneming. Onduidelijk blijft of een

sterkere artefactuele omzetting van PAK, zoals beschreven is in de literatuur,

gepaard zou zijn gegaan met een significante verandering van de mutageniteit

van de deeltjes.

Gasvormige mutagenen en PAK
Naast de PAK in de deeltjesfractie, komen in de buitenlucht ook gasvormige

PAK voor. De concentraties van deze stoffen kunnen aanzienlijk zijn in
vergelijking met die van de PAK in de deeltjes. Onderzocht werd of de

aanwezigheid van deze stoffen, evenals het geval is met hun soortgenoten in

de deeltjes, gepaard gaat met mutageniteit. Daartoewerden monsters genomen

met combinaties van filters om de deeltjes te verzamelen en polyure-

thaanschuimpluggen om de gasvormige stoffen te adsorberen. In het poþre-
thaanschuim werden de venvachte hoeveelheden meer vluchtige PAK

aangetroffen. De uitkomsten van de mutageniteitstoetsen met extracten van

de filters en het poþrethaanschuim waren minder duidelijk. Dit, vanwege de

hoge achtergrondmutageniteit van het poþrethaanschuim. Wel nam de

mutageniteit toe door de monsterneming. Echter, zowel de achtergrondmuta-

geniteit als de door de monsterneming geinduceerde mutageniteit bleek sterk

afhankelijk van de keuze van het oplosmiddel. Bij toepassing van aceton in

plaats van methanol of andere alcoholen bleven beide effecten achtenvege,

terwijl met dit oplosmiddel wel duidelijke mutageniteit en hoge PAK-

concentraties in het fîlter werden gevonden. Geconcludeerd wordt dat de

achtergrondmutageniteit en de door de monsterneming geihduceerde

mutageniteit hoogstwaarschijnlijk te wijten ziin aan een monsternameartefact;

gedacht kan worden aan de vorming van verbindingen in het schuim die

omgezet worden in mutagenen door reactie met alcoholen. De met aceton

verkregen resultaten suggereren in sterke mate dat de gasfase van de

buitenlucht in vergelijking met de deeltjes niet of nauwelijks mutagene stoffen

bevat die verwant zijn met PAIC

Verspreiding in ruimte en tiid
De verspreiding van de mutageniteit en de PAK-concentraties in ruimte en tijd

was onderwerp van een drietal studies. In de eerste, de Rijnmond-studie, werd

de bijdrage onderzocht van bronnen in de Rijnmond aan mutageniteit en

PAK-concentraties door het vergelijken van monsters die simultaan genomen

werden op vier plaatsen in de Rijnmond en één plaats bovenwinds van de
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Rijnmond aan de kust. Aangenomen werd dat bij wind van zee op de raatste
locatie de achtergrond-deeltjesfractie van tret geuiø werd bemonsterd.

Er werd een aanzienrijke bijdrage van de bronnen in de Rijnmond
waargenomen aan zowel de mutageniteit als de pAK-concentraties. Bij de
overheersende windrichting bleken de lokale bronnen veel belangrijker dan de
achtergrond. De met de vier verschillende varianten van de Salm-onella/micro-
soomtoets waargenomen effecten vertoonden een sterke onderlinge correlatie.
Aflrankelijk van de Salmonella-stam, werd een zwakke tot sterte activering
door s9-fractie gevonden. De verspreiding in ruimte en tijd bleek nauwelijks
op systematische wijze af te hangen van de toegepaste toetsvariant. uitzonde_
ring hierop was de zwakkere metabole activering door s9-fracties in de boven_
windse monsters, wat toegeschreven zou kunnen worden aan chemische
omzettingen tijdens het verblijf van de deeltjes in de lucht.

De verspreiding in ruimte en tijd van de mutageniteit werd geanaly-
seerd met behulp van een aantal modellen. Daarbij werden aanwijzingen
gevonden dat de effecten in de Rijnmond niet uitsluitLnd het gevolg zijn van
additie van achtergrond en lokale emissies, maar dat ook tijd en'plaatsafhanke-
lijke interacties een rol spelen. De bijdrage van de lokale bronnen werd
onderzocht met het best passende model.

Door toepassing van multivariate anaþe kon een sterke gemeenschap-
pelijke variatie van de pAK-concentraties worden aangetoond. AÃui¡ting"n ',ruo
de gemeenschappelijkheid bleken samen te hangen met vluchtigheid en chemi_
sche reactiviteit. Monsternameartefacten, veranderende bronsãmenstelling en
verdamping, adsorptie en condensatie tijdens het verblijf van de deertjes in de
buitenlucht zouden de extra variatie voor de meer vluchtige pAK kunnen ver_
oorzaken. De met reactiviteit samenhangende extra variatie wijst op
monsternameartefacten en chemische omzettingen in de buitenlucht. Dat de
laatste oorzaak inderdaad van berang is, brijkt uiì de verhoudingsgewijs ragere
achtergrondconcentraties van de meer reactieve pAIC

Hoewel mutagenen en pAK door dezelfde groep van bronnen worden
geemitteerd, bleken mutageniteit en pAK-concentraties slechts matig sterke
correlaties te vertonen. wel namen de correlaties toe als monsters werden
geselecteerd die bij dezelfde windrichtingen waren genomen, wat wijst op een
invloed van veranderingen in bronpatroon of chemische omzettingen op de
relaties tussen PAK-concentraties en mutageniteit.

rn de tweede studie (fotochemie-studie) werden de deeltjes verzameld
boven en benedenwinds van een snelweg en een deel van Derft tijdens
perioden met fotochemische luchtverontr"iniging. De monsternameduur was



302

kort (3 uur); dit om een eventuele samenhang tussen de ontwikkeling over de

dag van enerzijds fotochemie en anderzijds mutageniteit en PAK-concentraties
waar te kunnen nemen. De mutageniteitsprofielen (verhouding tussen effecten
bepaald met verschillende toetsvarianten) verschilde sterk voor de bovenwinds
verzamelde deeltjes en de bijdrage van de lokale bronnen (voornamelijk
verkeer). De eerste vertoonden een sterke metabole deactivering, die
benedenwinds grotendeels werd gecompenseerd door activering van de

mutageniteit van de lokaal geëmitteerde deeltjes. Dit verschil vormt een

duidelijke aanwijzing dat de mutageniteit drastische veranderingen ondergaat
gedurende het verblijf van de deeltjes in de lucht.

Vergelijking van de effecten in de nitroreductasedeficiënte mutant
TA98NR en de nitroreductaseproficiënte oorspronkelijke stam, liet zien dat
nagenoeg alle directe, mutageniteit, dat wil zeggen de mutageniteit in de

afrvezigheid van S9-fractie, afhankelijk was van nitroreductie en dus veroor-
zaakt werd door nitroverbindingen. Door de sterk verminderde gevoeligheid

voor de directe mutageniteit van stam TA98NR kon S9-aftrankelijke (of
indirecte) mutageniteit worden waargenomen die in TA98 meer dan

gecompenseerd werd door de inactivering van de directe mutageniteit in de

aanwezigheid van S9-fractie.
De mutageniteit vertoonde geen vaste dagelijkse kwalitatieve of

kwantitatieve trend, wat suggereert dat de mutageniteit niet werd beinvloed

door de fotochemische luchtverontreiniging, zoals die zich ontwikkelde over
de dag in het onderzoeksgebied. Dit zou kunnen worden verklaard door een

reeds maximale chemische omzetting van relevante stoffen in de bovenwinds
verzamelde deeltjes voordat zij in het onderzoeksgebied arriveren of een te
korte verblijftijd voor substantiele chemische omzetting in de deeltjes die in
het onderzoeksgebied worden geëmitteerd. De indirecte mutageniteit bleek
sterker gecorreleerd met SOrdan de directe mutageniteit, wat aangeeft dat de

eerste minder sterk wordt beinvloed door chemische omzettingen tijdens het

verblijf in de lucht dan de indirecte mutageniteit.
Het PAK-profiel verschilde niet veel van dat in de Rijnmondstudie.

Weer was er sprake van een sterke gemeenschappelijke variatie, dat wil zeggen

een constant PAK-profiel. De niet-gemeenschappelijkheid hing specifiek

samen met vluchtigheid, chemische reactiviteit en bronnen. De bijdrage van

het lokale verkeer werd gekenmerkt door relatief hoge concentraties van de

meer reactieve PAK en benzo(g,h,i)peryleen. In het geval van de meer
reactieve PAK wijst dit op chemische omzetting van PrA,K gedurende het
verblijf van de deeltjes in de lucht, terwijl de laatstgenoemde PAK als een
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marker voor de bijdrage van het verkeer kan worden opgevat. De gemiddelde
bijdragen liepen uiteen van ,vo voor benzo(e)pyrèen bt x)vo van de
bovenwinds waargenomen concentraties.

De correlaties tussen mutageniteit en pr{K-concentraties bleken s9_aftrankelijk te zijn. Tnnder S9-fractie werden matige correlaties gevonden;
toepassing van s9-fractie reidde tot een aanzienli¡ke toename. Het rijkt
waarschijnlijk dat dit verschil een veel sterkere invloed weerspiegelt van
chemische omzettingen op de indirecte mutageniteit. Dit stemt overeen met
de sterkere samenhang tussen indirecte mutageniteit en sor-concentraties.

Het derde onderzoek3l verschilde in één berangrijú opzicht van de
andere twee. De deertjes werden niet verzameld tijdens .p""in"t" meteorolo_
gische omstandigheden- De monsterneming vond wekelijks praats gedurende
een jaar op vier lokaties waarvan er één aan de kust als achtergrondlokatie
werd beschouwd. De monsters vertegenwoordigen daardoor Jen aserecte
trekking van de monsters die in Nedertand gedurende één jaar kunnen worden
genomen. In het algemeen werden de resultaten van de åndere twee studies
bevestigd. De nitroreductaseafhankelijkheid was wat minder groot dan in de
fotochemiestudie (70vo in praats vang'vo).maar nog steeds groot genoeg omte suggereren dat alre directe mutageniteit door nitroverõindingen wordt
veroorzaakt. Het verschil tussen de twee studies wordt toegeschreven aan de
verschillende meteorologische omstandigheden. Fotochemische luchtverontrei-
niging gaat klaarblijkelijk gepaard met ãe vorming van nitroverbindingen met
een minder grote residuele mutageniteit in TA,BNR of met de eliminatie van
andere nitroverbindingen.

Het grootste deel van de monsters vertoonde een duidelijke indirecte
mutageniteit, en kwam in dit opzicht overeen met de monsters van de
Rijnmondstudie. Het feit dat de metabole activering door s9_fractie even sterk
was in de twee TA98-stammen geeft aan dat er geen inactivering optreedt diewordt overschaduwd door activering. Het t¡Lt ãt dus op, dat iotochemische
luchtverontreiniging specifiek tot de vormini leidt van inactiveerbare stoffen.
Gespeculeerd wordt dat deze verbindingen dL produkten zijn van de nitrering
van gasvormige PAK via de reactie met OH_radicalen.

3rDeze studie is niet in detail beschreven in een afzonderlUk hoofdstuk van dit proefschrift.Resultaten die verhelderend kunn-en werken bij de ìnterpretatie van de andere studies zijngepresenteerd in een aanvullende discussie (hoofästuk 14). Voor ..n grã"tuiiË".àe rapportagewordt venvezen naar De Raat et al. (19gg).
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Aard en diversiteit van de mutagenen

Aard en diversiteit van de mutagene stoffen in de deeltjes zijn onderzocht

door extracten van de deeltjes te fractioneren met behulp van verschillende

chromatografische technieken en vewolgens de fracties te onderzoeken op

mutagene eigenschappen en de aanwezigheid van PAK en een aantal nitro-
PAIC Voor deze combinatie van chromatografie, mutageniteitstoetsing en

chemische analyse wordt vaak de Engelse term "bioassay-directed fractionation"
gebruikt.

7-even verschillende groepen van mutagenen konden worden

aangetoond in de deeltjes, waarvan er twee werden geidentificeerd als PAK

en hun mono-nitroderivaten. Een bijdragevan de bekende en uiterst mutagene

dinitropyrenen kon worden uitgesloten, ondanks het feit dat andere onderzoe-

kers deze verbindingen in verschillende verbrandingsemissies hebben

aangetoond. Afhankelijk van de toegepaste bacteriestam in de Salmonella/mi-

crosoomtoets, kon 5 tot 20Vo van de mutageniteit in de aanwezigheid van 59-

fractie aan PAK worden toegeschreven. De aanwezigheid mononitro-PAK ver-

klaarde t3 tot 24Vo van de mutageniteit, afhankelijk van bacteriestam en 59-

fractie.
7-onder S9-fractie bleek de mutageniteit van alle fracties sterk

nitroreductaseaftrankelijk, wat erop wijst dat alle directe mutageniteit wordt

veroorzaakt door nitroverbindingen. Direct-mutagene fracties vertoonden

echter ook indirecte mutageniteit. Beide soorten mutageniteit zouden door

dezelfde of verwante nitroverbindingen veroorzaakt kunnen worden, omdat

nitro-PAK in principe zowel mutageen kunnen zijn door de bacteriele reductie

van de nitrogroep en de S9-afhankelijke orydatie van aromatische ringen.

Gezien het feit dat vooral de laatste route van belang is in zoogdieren,

verdient met name de indirecte mutageniteit van de nitroverbindingen

aandacht bij verder onderzoek. In dit licht bezien zijn de effecten in stammen

met een relatief hoge gevoeligheid voor de indirecte mutageniteit, zoals TA97

en T4100, mogelijk relevanter dan de effecten in T498.
"Bioassay-directed fraction" biedt veelbelovende mogelijkheden in het

onderzoek naar de humaan-toxicologische relevantie van de mutageniteit van

de deeltjes. Onderzoek van de fracties met uiteenlopende mutageniteitstoetsen

maakt het mogelijk werkelijk relevante stofgroepen te onderscheiden van

groepen met een specifiek sterke mutageniteit voor bacterien. Daardoor wordt

een meer doelgericht onderzoek mogelijk naar mutagenen die bij de mens

effecten zouden kunnen veroorzaken en naar de intensiteit en de aard van

deze effecten bij de mens onder natuurlijke blootstellingsomstandigheden.
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Tenslotte kan "bioassay-directed fractionation" een bijdrage leveren in het
onderzoek naar de invroed van chemische omzettingen die ãp kunnen treden
tijdens het verblijf van de deertjes in de buitenruchien tijdenì de monsterne_
ming van de deeltjes. veranderingen van de mutageniteit kunnen direct
zichtbaar worden gemaakt in de "mutagrammen", ook als deze veranderingen
elkaar compenseren in de effecten van het complete extract.
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CURRICULUM VITAE

De schrijver van dit proefschrift werd op 20 juni 1950 geboren in het Noord-
Brabantse Sprang-Capelle. In het nabijgelegen Waalwijk bezocht hij het
Willem van Oranje College, waar hij in 1968 het diploma HBSb behaalde.

Vewolgens studeerde hij van 1968 tot 1975 biologie aan de Vrije Universiteit
te Amsterdam. In juli 1972 werd het kandidaatsexamen 84 afgelegd. Het
doktoraaldiploma, met als hoofdvak microbiologie en als bijvakken geschiede-

nis der natuurwetenschappen en plantenffsiologie, behaalde hij in augustus

1975. Tijdens zijn studie vervulde hij studentenassistentschappen bij de

vakgroep Microbiologie van de Vrije Universiteit en was hij als deeltijdleraar
verbonden aan het Willem van Oranje College te Waalwijk.

Na korte tijd als wetenschappelijk medewerker onderzoek te hebben

verricht bij de vakgroep Microbiologie van de Vrije Universiteit, trad hij in
december 1975 in dienst bij het Centraal Laboratorium TNO. Aanvankelijk als

wetenschappelijk medewerker en later als projectleider was hij betrokken bij
het milieutoxicologische onderzoek dat binnen de afdeling Biologie werd

uitgevoerd, waarbij hij zich met name bezig hield met de aanwezigheid en

identiteit van genotoxische stoffen in afualstromen, oppewlaktewater en lucht.

Daarnaast werd onder andere de waarde onderzocht van de Salmonella/micro-

soomtoets voor de biologische monitoring van de beroepsmatige blootstelling

aan mogelijk carcinogene stoffen en werd aandacht besteed aan de ontwikke-
ling van een mathematisch model voor de Salmonella/microsoomtoets.

In 1988 werd hij hoofd van de werkgroep Signaalstoffen van de

hoofdgroep Maatschappelij ke Technologie van TNO. Zijn onderzoeksterrein

verschoof daarbij van de toxicologie naar de chemische ecologie. Doel van het

onderzoek was de ontwikkeling van methoden voor de plaagbestrijding op

basis van de verstoring van de chemische communicatie met behulp van

feromonen.
In 1992 keerde hij weer terug naar de toxicologie. Hij trad in dienst

van de afdeling Arbeid en Gezondheid van het Medisch Biologisch Laboratori-
um TNO, waar hij zich ging bezig houden met het beoordelen van de

arbeidstoxicologische risico's van bestrijdingsmiddelen en andere stoffen. Per

1 januari 1994 vervult hij deze functie binnen het nieuwe instituut TNO
Voeding.
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STELLINGEN
behorende bij het proefschrift

MUTAGENS AND POLYCYCLIC AROMATIC I{YDROCARBONS
IN AMBIENT AIRBORNE PARTICLES

De toepassing van mutageniteitstoetsen in het milieuonderzoek is te
veel gebaseerd op gevoeligheid en gemakkelijke uiwoerbaarheid en te
weinig op bruikbaarheid van resultaten.

R Hoffrnarm, 1982, Environ SeL Technol, j6 560A-57LA; W K de Raat et aL, 199e ìn:
M. D. Waters et aL, eds., The Genetic Toicologt of Complæ Minures, 249-269, ptenut4
New Yorþ F. E. lYürgler en P. G. N. Kramers, Mutagmesk 7, 321-327

Absoluut kwantitatieve uitspraken over de mutageniteit van complexe
mengsels van stoffen uit het milieu zijn onmogelijk vanwege het ont-
breken van geschikte standaarden. om deze reden kan de mutageniteit
van deze mengsels niet als uitgangspunt dienen voor milieunormering.

Dit proefschift

voor monitoring van luchtverontreiniging met het carcinogene complex
van polycyclische stoffen dat door verbrandingsprocessen wordt geëmit-
teerd, volstaat het de concentraties van benzo(a)pyreen te bepalen.

Dit proefschrift

Vanwege de geringe discrepantie tussen de concentraties van benzo(a)-
pyreen in de buitenlucht en de voorgestelde gezondheidskundige grens-
waarden voor deze concentraties, en vanwege de grote maatschappelij-
ke consequenties van de handhaving van deze grenswaarden, is drin-
gend onderzoek gewenst dat gericht is op het beantwoorden van de
vraag naar het bestaan van een drempelwaarde voor de carcinogeniteit
van PAK.

W. Slooff et al., 1989, RMM, rappon 755474011; Thijsse, TIL R en C. Huyge4 lgîi, TNO
Milieuwetanschappen, rappoft R851272, Delfi; w. K de Raat et aL, 1988, TNo Mitieuweten-
schappen, rappon R 881118, Delft

Polyurethaanschuim is een potentiële bron voor blootstelling van de
mens aan mutagene, mogelijk carcinogene stoffen.

Dit proefschift
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6. Er zijn geen doorslaggevende redenen om bij het onderzoek naar de
mutageniteit van de deeltjes in de buitenlucht, in plaats van glasve-
zelfilters, gebruik te maken van Teflon-filters of met Teflon geïmpreg-
neerde glasvezelfilters.

I. M. Daisq, et aL, 1983, Aer. ScL TechnoL 2, 295; I. AlÍrÊim en A. Lindskag 1984, Sci
Total Envi¡on 34, 203-222; D. R FiE et aL, 1984, Aþflos Env¡rotl 18, 205-213; A. L¡nds-
kog m E. Brorsuöm-Lunden, 1984, ScL Total Environ 61, 51-57; R R llatts, et al, 1992, l.
Air Waste Manage. Assoc. 42, 49-55; dit proefschift

Znwel de bestrijders als de aanhangers van alternatieve geneeswijzen
veronachtzamen de volkswijsheid die zegt dat uiteindelijk alleen het
resultaat telt, en zijn geneigd uitsluitend het resultaat te accepteren dat
binnen de kaders van hun, al dan niet natuurwetenschappelijke, model-
len past.

Het afleiden van oorzakelijke verbanden uit analogieën is een essen-
tiëel kenmerk van de antroposofische natuurwetenschap, dat echte
communicatie en vruchtbare samenwerking met de reguliere natuurwe-
tenschap ten zeerste bemoeilijkt, zo niet uitsluit.

L. F. C. Mees, 1984, Dieren zijn wat mensen hebbe4 Vij Geesteslevery Zeist

In tegenstelling tot wat Stephen J. Gould stelt in zijn boek'Wonderful
Life", is het contingente karakter van de evolutie niet in strijd met de
opvatting dat de evolutie te vergelijken is met een film die, hoe vaak
ook afgedraaid, telkens weer hetzelfde verhaal oplevert.

S. J. Goul{ 1989, Wonderful life, W. úY.Norton & Company, Nev., York

Gezien het uitzonderlijke belang van borstvoeding voor de volksge-
zondheid, dient het milieubeleid onvoorwaardelijk gericht te zijn op de
toxicologische veiligheid van dit voedingsmiddel.

De ontwikkeling van de wetenschap in Nederland wordt meer geremd
door de strijd om geld dan door het gebrek aan geld.

In het huidige wetenschappelijke bedrijf wordt fotokopieren vaak ver-
ward met lezen.
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