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Abstract

Particulate air pollution (PM) is an important environmental health risk factor for many different diseases. This is indicated by
numerous epidemiological studies on associations between PM exposure and occurrence of acute respiratory infections, lung cancer
and chronic respiratory and cardiovascular diseases. The biological mechanisms behind these associations are not fully understood,
but the results of in vitro toxicological research have shown that PM induces several types of adverse cellular effects, including
cytotoxicity, mutagenicity, DNA damage and stimulation of proinflammatory cytokine production. Because traffic is an important
source of PM emission, it seems obvious that traffic intensity has an important impact on both quantitative and qualitative aspects of
ambient PM, including its chemical, physical and toxicological characteristics. In this review, the results are summarized of the
most recent studies investigating physical and chemical characteristics of ambient and traffic-related PM in relation to its
toxicological activity. This evaluation shows that, in general, the smaller PM size fractions (<PM,() have the highest toxicity,
contain higher concentrations of extractable organic matter (comprising a wide spectrum of chemical substances), and possess a
relatively high radical-generating capacity. Also, associations between chemical characteristics and PM toxicity tend to be stronger
for the smaller PM size fractions. Most importantly, traffic intensity does not always explain local differences in PM toxicity,
and these differences are not necessarily related to PM mass concentrations. This implies that PM regulatory strategies should take
PM-size fractions smaller than PM; into account. Therefore, future research should aim at establishing the relationship between
toxicity of these smaller fractions in relation to their specific sources.
© 2006 Elsevier B.V. All rights reserved.
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1. Particulate air pollution and traffic

Epidemiological studies have demonstrated that
exposure to urban particulate matter (PM) is associated
with several adverse health effects. Long-term exposure
to high concentrations of PM increases the risk of lung
cancer, respiratory diseases and arteriosclerosis,
whereas short-term exposure peaks can cause exacer-
bation of several forms of respiratory diseases,
including bronchitis and asthma, as well as changes
in heart rate variability [1-3]. The results of epidemio-
logical studies on the relationship between human
health and exposure to fine particulates have recently
been reviewed and will not be further discussed here
[4,5].

The total of ambient particulate air pollution, also
indicated as total suspended particulates (TSP), can be
subdivided into different size fractions. The larger
particles, >30 pum, remain suspended for only a
relatively short period of time as compared to the
smaller size fractions PM;qo and PM, 5, which are PM
fractions with an aerodynamic diameter of less than 10
and 2.5 pm, respectively. Particularly PM, s and the
even smaller ultrafine particulates (<0.1 wm) penetrate
deeply into the alveoli and are thus more likely to
induce adverse health effects than larger particles, such
as PM;o and TSP [6,7]. Furthermore, it is generally
acknowledged that specific chemicals present in PM,
such as metals or polycyclic aromatic hydrocarbons

(PAHs) and their derivatives, determine to a large extent
the toxic potency of PM.

Particulate air pollution originates from both
anthropogenic sources and natural sources. It contains
biological material, organic compounds, hydrocarbons,
acid aerosols and metals attached to a carbonaceous
core. Traffic intensity is one of the most important
determinants of ambient anthropogenic PM concentra-
tions, but its contribution varies between PM size
fractions. Based on studies in Copenhagen, the
contribution of traffic to fine (PM,s) and coarse
particles (PM;p—PM,s5) has been estimated to be
13%, and 32% respectively [8]. Other studies provide
estimates of up to 50% of PM, s mass concentrations
originating from traffic emissions and re-suspension of
road dust [9—12]. Comparison of PM levels in several
European cities demonstrated a positive correlation
between ambient PM |, concentrations on the one hand
and population and traffic density on the other hand
[13]. Recently, Ariola et al. published the first long term
sampling data on urban PMI1 concentrations (50% of
PM10) and elemental composition [14]. Unfortunately,
these data were not linked to parameters of traffic
intensity. All motorised vehicles operating on fossil fuel
combustion emit PM, but diesel engines emit con-
siderably more particulates per vehicle kilometre than
gasoline engines. As the latter are far more prevalent,
gasoline vehicles may also make a substantial
contribution to the overall PM exposure, even if only
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a relatively low percentage of engines emits an excess
of particulates as a result of poor functioning. Never-
theless, only little is known on the chemical composi-
tion and toxicity of gasoline emissions. Virtually all of
the particles emitted by fossil fuel-driven engines are
smaller than 2.5 wm in diameter, but most of the total
mass of these particles consists of particles that are
smaller than 0.5 pm [15,16]. Traffic contributes to
increased levels of coarse PM through wear of brake
linings and tires, or by resuspension of road dust
[17,18].

Since traffic is a major source of PM, 5 and ultrafine
particulates, traffic intensity probably contributes
significantly to PM-related health effects. Traffic
intensity is also known to influence the physicochemical
characteristics of ambient PM, particularly with regard
to concentrations of PAH, metals and radical generating
capacity [19-27]. PAHs and PAH-derivatives are
formed during combustion in fossil fuel-driven engines,
whereas metals (including transition metals) originate
from car catalysts [26].

Since no threshold for PM-induced adverse health
effects has been established, there is a general
consensus that ambient PM levels should be reduced
as much as possible. Although an overall reduction of
ambient concentrations of PM is likely to result in
reduction of PM-associated health risks, emission
reduction strategies that take chemical and toxicologi-
cal PM characteristics into account are probably more
effective and efficient. In order to develop such
environmental health policies, profound knowledge of
the relationships between emission sources, physico-
chemical characteristics and toxicity of PM is needed.
Over the last decades, a great effort has been made to
study the adverse health effects of PM using many
different research designs and approaches, including
large epidemiological studies and animal experiments.
In this review, we summarise, compare and evaluate the
results from studies that used in vitro toxicological
assays to establish mutagenicity, cytotoxicity and DNA-
reactivity in relation to the chemical composition of PM
and specific PM size fractions. We specifically selected
those studies that examined the chemical composition
and toxicity of ambient PM in relation to traffic
intensity at the sample sites, or that compared PM
characteristics between samples from areas with low
and high levels of urbanisation.

2. Methodological approach

In Pubmed, we searched for publications on ambient
PM, PM,y, PM, s, particulates or fine dust in combina-

tions with the search terms traffic, diesel, mutagenicity,
cytotoxicity, DNA-reactivity, adducts, oxidative
damage, radical formation, metals, elemental composi-
tion, PAH, nitro-PAH, quinones and semi-quinones. As
we aimed to review the literature on ambient PM
samples specifically, results from studies evaluating
toxicity and chemical composition of diesel exhaust
particles (DEP), or other PM generated at standardised
or stationary conditions are not included in this review.

3. Chemical characteristics and radical
generating capacity of PM

Ambient PM contains biological material, organic
compounds, hydrocarbons, acid aerosols and metals
absorbed or attached to a carbonaceous core. The TSP
and PM,, fractions consist primarily of crustal
materials, sea salt and biological factors (including
bacteria and pollen) and are generated by mechanical
processes rather than combustion. On the other hand,
PM, s and ultra fine particulates are predominantly
produced by combustion processes and consist primar-
ily of metals, hydrocarbons and secondary particles
formed by chemical reactions with gaseous compounds
in the atmosphere [6]. The mechanisms of secondary
organic aerosol formation from reactions of n-alkanes
with OH radicals in the presence of NOx are complex
and the types of products formed depend on several
combustion conditions and meteorologic or atmo-
spheric features [28,29]. Studies on atmospheric
transformation processes in smog chambers have
demonstrated that such reactions occurring in the
atmosphere can have a major influence on the overall
genotoxic burden of ambient air. The smallest particles
tend to be those formed by combustion processes and by
gas-to-particle conversions. As a result, their composi-
tion is complex and generally includes sulfates, nitrates
and organics, particularly polar oxidized organics [30].
Claxton et al. [31] recently reviewed different classes of
ambient air pollutants, including hydrocarbons, orga-
nometallic compounds, oxygen-, nitrogen-, sulphur
and halogen-containing compounds. Among the hydro-
carbons originating from combustion processes,
there are several known carcinogenic PAH, such as
benzo(a)anthracene, benzo(k)fluoranthene, benzo(a)-
pyrene, benzo(b)fluoranthene, indeno(1,2,3-cd)pyrene
and dibenzo(ah)anthracene. Furthermore, several
directly mutagenic mono- and di-nitro PAH derivatives
have been identified in extracts of primary combustion-
generated particles collected from diesel soot, auto-
mobile exhaust, coal fly ash, wood smoke as well as in
polluted ambient air [30,32,33]. A number of specific
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nitro PAH, such as 1-nitropyrene, 3-nitrofluoranthene
and several dinitropyrenes, have a very strong direct
mutagenic potential [34], and particularly the levels of
1-nitropyrene are inversely correlated with particle size
[35]. It has been suggested that sub-micron ambient
particles may have a relatively high PAH content
because soot from combustion sources consists pri-
marily of fine particles with high PAH content, and also
because smaller particles have a relatively high surface
area for PAH adsorption [36,37]. Significantly higher
PAH levels were indeed found in ultrafine particles
(<0.1 pm) as compared to fine (<2.5 pwm) and coarse
(2.5-10 m) PM by Li et al. [38]. This study showed no
differences in PAH content of fine and coarse PM
sampled at an urban site (Los Angeles) as compared to
PM sampled 45 km downwind. However, the PAH
content of ultrafine particles at the urban site was
significantly higher than at the downwind site. In one of
our previous studies, we reported that the PM, s fraction
contains higher levels of total PAHs and carcinogenic
PAHs as compared to PMy and TSP [39]. Other studies
have clearly demonstrated the importance of diesel
emissions as well as differences between urban/
industrial and rural sites in the total PAH content of
PM [3,40-43]. However, these studies did not observe a
clear relationship between the PAH content of PM and
local differences in traffic intensity.

Transition metals, such as cobalt (Co), cupper (Cu),
iron (Fe), manganese (Mn), nickel (Ni), vanadium (V)
and titanium (Ti), contribute to the oxidative capacity of
PM [44,45]. Therefore, the proportion of PM originat-
ing from traffic emissions is likely to influence the
toxicity of PM in terms of radical generating capacity
and thereby also its ability to induce cell damage in the
lung.

3.1. PM-related formation of reactive oxygen
species

After inhalation, PM deposited in the lung may
stimulate the formation of reactive oxygen species
(ROS), such as hydroxyl and superoxide anion radicals.
These ROS can be either directly derived from PM or
endogenously produced by chemical components of
PM, such as transition metals [46] and quinone
structures that undergo redox cycling [47]. Although
antioxidants, like ascorbate, urate and glutathione, are
present in epithelial lining fluid (ELF) and may act as a
first line of oxidant defence, particularly ascorbate may
actually enhance particle-derived hydroxyl radical
formation. This may occur either when ROS are
generated via quinoid redox cycling [47] or by action of

transition metals present in PM [48]. Valavanidis et al.
demonstrated that redox-active transition metals, redox
cycling quinoids and PAHs act synergistically to
produce ROS and that particularly ferrous ions in PM
play an important role in the generation of hydroxyl
radicals [49]. ROS can damage membrane lipids,
proteins and DNA, which can result in cell death via
either necrotic or apoptotic processes. Furthermore,
enhanced ROS formation in the lung is likely to be
involved in the activation of transcription factors and
the induction of cytokines and chemotactic factors [50].
Via these mechanisms, continuous exposure of the lung
to PM-induced ROS formation can cause pulmonary
inflammation and eventually cause and/or aggravate
impairment of lung development and lung diseases like
COPD, cystic fibrosis and asthma [51-53].

3.2. Assessment of the radical generating capacity
of PM

Oxygen radicals cannot be detected directly because
of their short half-lifes, and therefore several alternative
methods have been developed. In one type of methods, a
molecular probe reacts with the radical species and
forms a stable product that can be analysed with a
variety of analytical methods, e.g. spectrophotometric
analysis of thiobarbituric-acid reactive substances
(TBARS) [54] or the dithiothreitol (DTT) assay [38].
Other methods are based on biological indicators to
assess the formation of ROS by PM, such as the
induction of strand breaks in $X174 RF plasmid DNA
[47,55] or the formation of oxidised DNA-bases like 8-
0x0-7,8-dihydro-2'-deoxyguanosine (8-oxodG) [56]. It
should be noted that these indirect measurements do not
always correlate well with more direct free radical
measurements, indicating that such data should be
interpreted as indicators of DNA-reactivity rather than
as measurements of radical generating capacity [39]. A
third type of methods, is based on the detection of free
radicals by electron spin/paramagnetic resonance (ESR/
EPR) spectroscopy in combination with spin trapping
compounds. Spin trapping agents react in a more or less
selective manner with a specific type of radical, which
offers the advantage that the PM-derived oxygen radical
species can be identified. In Table 1 an overview is
presented of ESR/EPR spectroscopy techniques that
have been used for the assessment of PM-derived
radical formation. The spin trap 5,5-dimethyl-1-pyrro-
line-N-oxide (DMPO) is frequently used to detect PM-
related hydroxyl (OH®) and superoxide radical anion
(O,7) formation. Although both hydroxyl and super-
oxide anion radicals produce the same DMPO signal,



Table 1

ESR/EPR methods for detection of PM-derived radicals and associated toxicological effects

Toxicological effect

Spin trap Radical type

Solvent

Extraction
solvent

PM fraction

Study

DNA strand breaks Meyloid leukemia/lung

epithelial

None Semiquinone

None

None

PM, 5

Dellinger et al. [47]

None investigated

Water PBS DMPO Hydroxyl

TSP, PM,,, PM;

Shi et al. [58]
Shi et al. [61]

8-OxodG DNA/Lung epithelial
BAL: increased monocytes

Water PBS DMPO Hydroxyl

PMio_25, PMos 5

PM, 5

Hydroxyl

DMPO

PBS

Water

Schaumann et al. [62]
Baulig et al. [60]

DCEF fluorescence Lung epithelial cells

(not correlated)

Hydroxyl

DMPO

PBS

Water

PM, 5

T.M.C.M. de Kok et al./Mutation Research 613 (2006) 103—122 107

8-0Ox0dG (not correlated)
None investigated

Hydroxyl

DMPO

PBS

Water

PM,o
TSP

Salonen et al. [63]

Semiquinone, hydroxyl
and superoxide anion

None DMPO

None Carbonate
buffer/DMSO

None

None Water

DMSO
None

Valavanidis et al. [49]

Mutagenicity (TA98) (not correlated), DNA

adducts, 8-0xodG
None investigated

8-0x0dG

Hydroxyl and superoxide anion

DMPO

TSP, PM,o, PM, 5

De Kok et al. [39]

Hydroxyl and superoxide anion

dG radical species

DMPO
M

None None

TSP, PM,o, PM, 5

Briedé et al. [57]

NP

Aqueous H,0,

Water
solution

TSP, PM,o, PM, 5

Valavanidis et al. [59]

the specific oxygen species can be identified by using
the enzymes superoxide dismutase and catalase [57].
Using coated model particles, it has clearly been shown
that H,O,-induced oxygen radical formation is cata-
lysed by several transition metals [58]. Furthermore,
PM suspensions were shown to produce in presence of
H,0, radical species of dG, which were spin-trapped by
2-methyl-2-nitroso-propane (MNP) [59]. Also, stable
forms of semiquinone radical intermediates that are
involved in ROS formation through quinoid redox
cycling have be detected directly by ESR without the
use of spintrapping agents [47,49].

3.3. Traffic intensity and radical generating
capacity of PM

Only a relatively small number of studies have
investigated the relationship between ambient PM size
fractions, traffic intensity and radical formation as
assessed with ESR/EPR spectroscopy. Two of these
studies showed the highest ROS generating capacity of
PM in the smallest size fractions that were investigated
(PM; or PM, 5) [39,58]. The ROS generating capacity
of kerbside PM, 5 was higher than that of PM, 5 from an
urban background location that was not in close
proximity of a heavy traffic road [60]. This suggests
that traffic-related PM is likely to possess a relatively
high capacity to generate radicals compared to PM from
other sources. Another study, in which samples were
taken at various locations within one city, no correla-
tions were found between ROS generating capacity and
traffic intensity [39]. This study also showed a positive
correlation between PAH concentrations and radical
generating capacity of PM;, and PM, 5. No correlations
were found between radical formation and metal or
transition metal concentrations or the interaction
between PAHs and metal concentrations. This suggests
that the radical generating capacity of PM is
predominantly determined by the presence of PAH or
the concentration of components that correlate strongly
with PAH content.

It should be noted that the application of different
analytical pre-treatment methods in the different studies
may affect the extent of radical formation. In most
studies, organic or polar solvents were applied to extract
PM from the filters [49,58,60-63]. A recent study
showed that the semiquinone radical species involved in
quinoid recycling cannot be extracted from diesel
exhaust particles, which implies that the ROS generat-
ing capacity of PM-containing extracts may not reflect
the actual exposure to ROS after inhalation of PM [64].
Although the radical generating capacity established in
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PM extracts may correlate well with in vitro biological
activity of these extracts, such as mutagenicity and
DNA reactivity, as will be discussed in this paper,
measurement of radical formation without extraction is
likely to yield a better estimate of exposure.

3.4. Conclusions

In summary, only a limited number of studies have
quantified the radical generating capacity of ambient
and traffic-related PM. The results from these studies
indicate that smaller PM size fractions show the highest
levels of radical formation and that the PAH concentra-
tion seems to be a more important determinant of the
radical generating capacity than the total metal or
transition metal level. Although it seems likely that the
relatively small PM size fractions originating from
traffic emissions contribute significantly to the radical
generating capacity of ambient PM, this remains to be
established. Further standardisation of methods is
needed in order to enable comparison of results from
different studies in the future.

4. Mutagenicity
4.1. Mutagenicity of PM

The Ames mutagenicity test is a short-term in vitro
assay that has frequently been used to establish the
mutagenicity of ambient and indoor PM [31,65,66].
Short-term mutagenicity assays in general can detect
the genotoxic effect of either single chemical and
physical agents or heterogeneous mixtures, such as
ambient PM. As some PAH and other organic molecules
require metabolic activation in order to exert their
mutagenic activity, metabolising enzymes from rat liver
microsomes or S9, are often added in order to evaluate
the overall mutagenic capacity of PM. Other com-
pounds that are formed during combustion processes,
such as nitro-PAH originating from diesel engines [67],
are direct-acting mutagens and do not require metabolic
activation. Due to its high sensitivity and specificity, the
Salmonella typhimurium tester strain TA98 has fre-
quently been used to characterise organic extracts of
airborne particles. Using a microsuspension procedure
and preincubation with concentrated extracts before
plating, a considerable enhancement of the sensitivity of
the standard plate assay has been achieved [68,69]. The
enhanced sensitivity of a factor 5-10 compared to the
standard plate assay has the advantage that the
mutagenic potential of fractionated organic extracts
of ambient air particulate matter can be assessed.

Mutagenicity data from different studies are not
always easy to compare because several methods for PM
extraction have been used. Dichloromethane, toluene,
acetone and n-hexane, are frequently used to obtain
organic extracts of PM and also various extraction
methods have been applied, including soxhlet extraction,
ultrasonication or brushing of PM from the filter into a
solvent. It has been demonstrated that different extraction
procedures applied to the same PM samples result in
differences in mutagenic activities [70] and the impact of
using different single or multiple solvent systems has
previously been reviewed by Claxton et al. [31]. In some
studies, the extracts are subdivided into fractions with
different polarity or pH prior to resuspension in DMSO,
methanol, or KOH/hexane. Additionally, several strains
of Salmonella typhimurium have been used, which differ
in their sensitivity for specific mutagenic compounds. As
a result, studies using different bacterial strains cannot
always be compared directly with each other. It has been
demonstrated that, depending on the strain used, the
effect of exogenous activation systems can be different in
the microsuspension assay, as compared to the standard
plate assay. These findings indicate that the study
protocols should be carefully selected based upon the
specific purpose of the study, and taking the character-
istics of the mutagens that are expected to be present into
account [71].

Table 2 gives a summary of recent studies in which
the mutagenicity of ambient and traffic-related PM was
investigated. The examined PM fraction, the extraction
method, the extraction solvent, the solvent used in the
test, the bacterial strains and the effect of metabolic
activation by rat liver S9 are specified for each study.
The majority of studies that have used TA98 and TA100,
showed an increase in mutagenicity of PM in the Ames
test upon addition of S9 [6,67-69,72—77]. Three studies
showed that the S9-mediated mutagenicity was higher
in PM samples taken during winter episodes than in
samples taken during summer [72,75,77]. Two studies
showed reduced mutagenicity after metabolic activa-
tion, using Salmonella strain TA98 and DMSO as
solvent [39,78]. Although the study of Bronzetti et al.
showed some day-to-day variations in the influence of
S9 on the mutagenic activity in both strain TA98 and
TA100, which suggests that the composition of PM can
vary considerably, metabolic activation generally
resulted in increased mutagenicity [73]. In studies
using the YG1041 strain, S9 reduced the mutagenicity
of PM [67,68,72]. As a result of the relatively high
activity of nitroreductase and O-acetyltransferase in this
specific strain, these bacteria are more sensitive to the
mutagenic effect of nitro-PAH. The highest direct



Table 2

Studies on mutagenicity of traffic-related PM

Study Investigated PM size fraction Extraction Resuspension solvent Salmonella strain Effect S9
Sato et al. [77] TSP Methylene chloride (son.) Methylene chloride TA98 No effect

TA98NR No S9 used

TA100 T

TA98/1,8-DNP6 No S9 used
Bronzetti et al. [73] TSP DCM, methanol DMSO (extracts TA98, TA100 T (Although day-to-day variation)

mixed together)
Kuo et al. [83] TSP Acetone (shak.) Acetone TA98 Not reported
Delgado-Rodriguez et al. [74] TSP, PM;, Methanol (sox.) DMSO TA98 T
De Martinis et al. [69] PM,q DCM (sox.) (fract.) DCM TA98 T
Acetone (sox.) (fract.) Acetone 1

Cerna et al. [68] PM;o DCM (sox.) (fract.) DMSO TA98 T

YG1041 |
Nielsen et al. [76] TSP DCM, acetone (ultras.) DMSO TA98 T

TA98NR No S9 used
Cerna et al. [67] PM, DCM (sox.) DMSO TA98 T

YG1041 1
Miiller et al. [84] TSP n-Hexane (sox.) DMSO TA98, TA100 Only tests with S9 were performed
Buschini et al. [70] TSP, PM,o, PM, 5 Acetone, toluene (sox.) DMSO TA98, TA100 Variable, depending on strain, sample

and extraction solvent

Massolo et al. [43] PM;o_3, PM3_0.49, PM_ 40 Hexane (AES) DMSO TA98 Unknown
Wu et al. [27] TSP, PM, 5, PM> 5_19 Not specified Not specified TA98 T

TA100 T (although seasonal variation)
Vinitket-Kumnuen et al. [7] PM;o, PM, 5 DCM (son.) DMSO TA100 T
Zhao et al. [78] TSP DCM (son.) DMSO TA98 1

TA100 No S9 used
Binkova et al. [72] PM,o DCM (unknown) DMSO TA98 T

YG1041 !
Ducatti et al. [82] TSP Cyclohexane (son.) (fract.) Cyclohexane/DCM TA98, TA9SNR, No S9 used

DCM (son.) (fract.) TA98/1,8-DNP6

Du Four et al. [75] PM,o Acetone DMSO TA98 T
De Kok et al. [39] TSP, PM,(, PM, 5 DCM (sox.) DMSO TA98 1

DMSO, dimethyl sulfoxide; DCM, dichloromethane; sox., soxhlet extraction; (ultra)son., (ultra)sonication; fract., fractionation according to pH and polarity; shak., use of a shaker; AES, accelerated

extraction system (14 mPa, 150 °C).

ZZI=€01 (9002) €19 Y21vasay uouvinp /v 12 30y ap "W WL

601
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mutagenicity in this strain was indeed found in the polar
subfractions, which are most likely to contain nitro-
PAH and nitro-PAH derivatives [67].

4.2. Mutagenicity of PAH and nitro-PAH in PM

Nitro-PAH are formed in combustion processes of
organic chemicals and through atmospheric reactions of
PAH with nitrogen oxides. They are among the most
potent directly acting bacterial mutagens [67]. Diesel
engines emit at least ten times more nitro-PAH as
compared to gasoline engines [40]. Therefore, the
combination of high traffic intensity and a high
percentage of diesel engines and heavy duty vehicles
is likely to have an important impact on the concentration
of nitro-PAH in particulate air pollution and thereby also
to enhance the direct mutagenicity of PM [40].

In order to determine the influence of nitro-PAH on
PM mutagenicity, two approaches have been used. One
approach was to divide PM extracts into more and less
polar fractions, and the other approach was to use specific
bacterial strains. Wanatabe et al. developed a series of
YGs strains with a higher activity of nitroreductase
(pYG216) and of O-acetyltransferase (pYG219) [79,80].
As a result, these strains, such as YG1041, are more
sensitive to nitro-PAH induced mutagenicity. In contrast,
NR (e.g. TA98NR) and 1,8-DNP¢ strains bear a
deficiency in, respectively, nitroreducase and O-acetyl-
transferase, enabling the detection of mono- and
dinitroarenes, respectively [41,81] These strains are
relatively insensitive to the mutagenic effect of nitro-PAH
[82]. The difference in mutagenicity between bacterial
strains of the TA98 type on one hand and TA98NR or
TA98/1,8-DNPg strains on the other hand is therefore
indicative of the mutagenic effect of nitro-PAH. It should
be emphasized that strain selection can bias the
interpretation of the results. For example, if only a YG
strainis used, without other strains, the results will always
tend to indicate that nitro-PAH containing fractions are
the most mutagenic. This may, however, be a mis-
interpretation because other classes of compounds are
less responsive in these strains and their effects are
therefore underestimated in the assessment [31].

In Table 3, an overview is presented of studies on the
relationship between concentrations of nitro-PAH and
carcinogenic PAH and mutagenicity of specific PM size
fractions. In total, six studies focussed on the
assessment of mutagenicity of nitro-PAH by using
specific nitro-PAH sensitive or insensitive bacterial
strains and found a significantly positive correlation in
PM,( [67,68,72] and in TSP [76,77,82]. Two of these
studies observed also a positive correlation between

mutagenicity and the concentration of carcinogenic
PAH in PM,, [68,72]. Additionally, two out of four
studies reported a relatively high direct mutagenicity in
PM,q [75] or different PM fractions [39], and at the
same time found correlations between mutagenicity and
levels of carcinogenic PAH. Du Four et al. [75] were
able to predict direct mutagenicity based on concentra-
tions of 16 indirect-acting PAHs (using calculation
models), thereby indicating that concentrations of these
PAH are strongly correlated with concentrations of
direct-acting mutagens like oxy- and nitro-PAHs. In the
studies of Muller et al. [84], Kuo et al. [83], and Massolo
et al. [43] only positive correlations between S9-
mediated, but not direct mutagenicity, and levels of
carcinogenic PAH were observed. As already shown in
Table 2, several studies observed a decreased muta-
genicity upon the administration of S9 as metabolising
system to either nitro-PAH sensitive [67,68] or normal
Salmonella strains [39,69,78], which indicates the
relatively high importance of direct-acting mutagens.
It has repeatedly been shown that direct-acting
mutagenicity is more pronounced in PM sampled
during summer periods than during the winter [68,78].

4.3. Traffic intensity and mutagenicity of PM

In only a limited number of studies the relationship
between traffic intensity and mutagenicity was inves-
tigated [39,73,82,85]. Ducatti and Vargas demonstrated
a positive effect of automotive vehicle density on
mutagenicity of PM [82]. Bronzetti et al. observed
higher mutagenicity of TSP in an area with high traffic
intensity as compared to that of TSP from an area with
low traffic intensity. In this study, it was also observed
that the concentrations of heavy metals and chemicals
like benzene, toluene, nitrogen dioxide and carbon
oxide correlated positively to traffic intensity [73].

Vargas et al. evaluated the mutagenicity of TSP,
using the bacterial strains TA98NR and TA98/1,8-
DNP6, various extraction solvents, in several fractions
of TSP that varied in polarity of the solvent used to
extract the samples. They observed a positive relation-
ship between mutagenicity and PAH concentration, as
well as nitro-PAH concentration [85]. Also, the analysis
of specific traffic-related volatile organic components in
PM confirmed the positive association of these
compounds with traffic intensity. On the other hand,
we investigated the relationship between traffic
intensity and mutagenicity, as well as the relationship
between mutagenicity and several physical and che-
mical parameters of PM, but found no clear corre-
lations between traffic intensity and mutagenicity per



Table 3

Studies on the relationship between PM-mutagenicity and levels of nitro-PAH and carcinogenic PAH

Study PM size fractions Nitro-PAH mutagenicity as indicated by specific Studies indicating Positive correlation between mutagenicity and
investigated bacterial strains direct mutagenicity carcinogenic PAH concentrations (strain)
of nitro-PAH (TA98)
YG1041 TA98NR TA98/1,8-DNP6 Direct S9-mediated
Sato et al. [77] TSP TSP TSP
Kuo et al. [83] TSP TSP
Nielsen et al. [76] TSP TSP (not sign.)
De Martinis et al. [69] PM,, PM;o"
Cerna et al. [68] PM;o PM; PM;, (TA98, YG1041)° PM,o (TA98, YG1041)°
Cerni et al. [67] PM;, PM,, PM,,"
Miiller et al. [84] TSP TSP
Massolo et al. [43] PM,q_3, PM3_¢ 49, PMg_3, PM3_g.49, PM_49
PM<o.49
Zhao et al. [78] TSP TSP, organic acid
fraction™®
Binkova et al. [72] PM,o PM,,* PM,; (YG1041) PM, (TA98, YG1041)
Ducatti et al. [82] TSP TSP TSP
Du Four et al. [75] PM,o PM,q PM, ¢
De Kok et al. [39] TSP, PM,o, PM; 5 TSP, PM,o, PM, 5" TSP TSP, PM, 5

The PM size fractions for which the correlation is found are indicated.

? Reduced mutagenicity after addition of S9.

® Particularly in PM sampled during the summer season.

¢ Based op PLS model analysis (partial least-squares).

9 High direct mutagenicity in slightly polar subfractions containing nitro-PAHs.
¢ Only in plate incorporation assay, not in microsuspension assay.

 Reduced mutagenicity of acetone (not DCM) extract after addition of S9; highest mutagenicity in fractions within the mid-range of polarity.
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microgram of PM [39]. It should be emphasized that the
mutagenicity of ambient PM is likely to be caused by a
combination of several hundreds of compounds from
different chemical classes, and that the carcinogenic
PAHs, which have been studied most extensively, do not
account for the major part of the mutagenic activity
[31].

Overall, this implies that the mutagenicity of outdoor
PM increases as a result of traffic-related PM emissions,
although a relationship between traffic intensity and the
mutagenic potential of the PM itself has not been
established unequivocally.

4.4. Conclusions

Many different methods have been used to establish
the mutagenicity of ambient and traffic-related PM. In
general, the mutagenicity of PM has been found to be
higher upon metabolic activation by S9. This was
particularly the case in mutagenicity tests on Salmo-
nella strain TA98. Studies on bacterial strains that are
especially sensitive for directly mutagenic effects of
nitro-PAH, and using procedures to extract and
fractionate nitro-PAH, have indicated that these
compounds are important particle-bound contributors
to the mutagenicity in bacteria. This underlines the great
influence of diesel engine emissions and heavy-duty
traffic on the genotoxic potential of ambient PM. Only a
limited number of studies have examined the relation-
ship between traffic intensity and PM-induced muta-
genicity, and most of these studies have found a positive
association. The limited data that are available on the
mutagenicity of various PM size fractions indicate that
smaller particles possess the highest mutagenic poten-
tial, but additional data are needed to substantiate these
findings. Although evaluation of the mutagenic activity
of ambient PM allows us to characterise the air quality
in urban and industrial areas and provides information
on potential health risks of exposure, further studies on
fractionated PM samples and chemical identification of
the mutagenic compounds are needed. Only when such
data are available from studies using well-standardised
extraction procedures and methodologies, the muta-
genic risks of exposure to traffic-related PM can be
reliably assessed.

5. Cytotoxicity
5.1. Cytotoxicity of different PM size fractions

Several different methods have been wused to
establish the cytotoxicity of PM. The most important

distinctions between these tests are the use of various
cell types and the time of incubation, varying from 4 to
72 h. Also, different PM fractions and extraction
procedures have been used. These differences and
variables should be taken into account when results
from different studies are compared.

Table 4 shows the results of the most recent studies
on the cytotoxicity of PM. Three out of seven studies
showed positive dose-response curves of cytotoxicity
induced by increasing amounts of PM, for various PM
size fractions [39,84,86]. Hsiao et al. [86] and Tong
et al. [87] showed that PM,s had the highest
cytotoxicity and also the study of Massolo et al. showed
the highest cytotoxicity for the smallest PM fraction
(PM_0.49) [43]. Using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT)-test in Human
Embryonic Lung cells and different PM size fractions,
we found the highest cytotoxicity for PM, s, although
cytotoxicity was not observed for all PM, 5 samples in
the concentration range that was tested (unpublished
results from our earlier study [39]). These data also
confirm the tendency that smaller PM size fractions are
more cytotoxic than larger ones.

5.2. Cytotoxicity and physico-chemical
charateristics of PM

Some studies on cytotoxicity showed a positive
correlation between total PAH and carcinogenic PAH
content of TSP and cytotoxicity [84], PM;, [72] or PM
size fraction <0.95 wm [43], whereas others observed
no such correlations [43,72,84,86,88]. The study of
Massolo et al. showed higher cytotoxicity in the
relatively smaller PM size fractions (PM_;5) [43].
Tong et al. found a positive relationship between the
concentration of transition metals (chromium, manga-
nese and iron) in and the cytotoxicity of PM. They
suggested that soluble transition metals may be main
determinants of PM-induced cytotoxicity [87]. In
addition, we found a positive correlation between the
cytotoxicity of TSP and the sum of the concentrations of
transition metals (unpublished results).

5.3. Conclusions

Data on cytotoxicity of PM are limited, but generally
indicate that smaller PM size fractions are generally
more cytotoxic than larger ones. Positive associations
between cytotoxicity and concentrations of PAH, metals
and transition metals have been reported. The effect of
metabolic activation by S9 on cytotoxicity has not been
reported. Additional research is needed to establish the



Table 4

Studies on the cytotoxicity of traffic-related PM

Correlations with

Correlations with

Incubation
period (h)

Cell system

Resuspension

Extraction solvent

PM size fraction
(method)

Investigated PM
size fraction

Study

carcinogenic PAH  metal content

content

solvent

showing cytotoxicity

F2408 (fibroblasts)

DMSO

DCM (ultrason.)

PM,o, PM; 5

TSP

PM,o, PM; 5

TSP

Hsiao et al. [86]

24 Positive

DMSO/aqueous  Tetrahymena pyriformis

n-Hexane (sox.)

Miiller et al. [84]
Alfaro-Moreno

Not reported Balb-c, J774A.1, A549 72

F

None (dry ultra-son.)

PM,o

PM,,

et al. [88]
Tong et al. [87]

Fe, Cr, Mn

None

4

Chinese Hamster Lung
cells

Distilled water

Acidification with

PM., s, PM; 5

PM.; 5, PMs s

fuming sulfuric acid
Hexane (AES)
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24 Positive

Tetrahymena pyriformis

DMSO

PM, 3, PM3 40,

PM<O.49

PM; 43, PM3 49,

PIVI<0.49

Massolo et al. [43]

Positive

72

Chick embryotoxicity

DMSO

DCM (method not
specified)

PM;o

PM,,

Binkova et al. [72]

screening test (CHEST)

Sum of transition

None

Human Embryonic Lung 48

cells

TSP, PM,o, PMys TSP, PM;o, PMys  DCM (sox.) DMSO

De Kok et al. [39]

metals (only TSP)

DMSO, dimethyl sulfoxide; DCM, dichloromethane; sox., soxhlet extraction; (ultra)son., (ultra)sonication; fract., fractionation according to pH and polarity; shak., use of a shaker; AES, accelerated

extraction system (14 mPa, 150 °C); —, not investigated.

Dry sonication and recovery of particles from filter by smoothly sweeping them into an endotoxin-free flask with a brush.

F

relationship between traffic emissions, chemical com-
position and cytotoxicity of PM.

6. DNA-reactivity
6.1. DNA-reactivity of different PM size fractions

Generally, two types of DNA-reactivity have been
studied in order to characterise PM genotoxicity, which
either focus on the analysis of DNA-adduct formation or
on oxidative DNA damage. The latter can be measured
either as induction of DNA strand breaks in for instance
the Comet assay or as the formation of 8-oxo-7,8-
dihydro-2'-deoxyguanosine (8-oxodG). The summary
presented in Table 5, shows that ten out of eighteen
studies demonstrated positive dose—response curves of
PM-induced DNA-reactivity [39,61,70,78,86,88-94].
Although most studies did not compare DNA-reactivity
of different PM size fractions, four out of six studies
showed that the PM, 5 or smaller size fractions exerted
the highest DNA-reactivity [39,70,86,95], It is remark-
able that surrogate Epithelial Lining Fluid (ELF)
showed significant amelioration of DNA damage in
the study of Greenwell et al. [89], whereas the presence
of vitamin C in in vitro systems at concentrations as
occurring in ELF is known to stimulate radical
formation as a result of enhanced redox cycling of
PAH [57]. Pre-treatment of HepG2 cells with vitamin C
resulted in considerable reduction of DNA breaks and
oxidative DNA lesions induced by urban PM,, samples
from the Czech Republic [94].

Two studies investigated the formation of DNA-
adducts in both the presence and absence of S9 [39,72],
whereas one of these also investigated the effect of
metabolic activation on the induction of oxidative DNA
damage [39]. Both studies reported higher DNA-
reactivity upon metabolic activation of PM.

6.2. Chemical composition and DNA-reactivity of
PM

Several studies investigated both DNA-reactivity in
relation to the PAH content of PM. One found a positive
correlation between the direct as well as the S9-
mediated formation of DNA-adducts on the one hand
and the interaction of transition metal content and
concentration of total or carcinogenic PAH in PM, 5 on
the other hand [39]. In this study, also positive
correlations were found between direct and indirect
DNA-reactivity (formation of adducts as well as
breakages) and PAH content and the total level of
transition metals, and the radical generating capacity of



Table 5
Studies on DNA-reactivity of traffic-related PM
Study Investigated PM PM size fraction Extraction solvent ~ Resuspension =~ DNA-reactivity indicator (Cell) System Incubation  Dose—effect-
size fraction showing DNA- and (method) solvent (method) time (h) relation
reactivity
Gilmore et al. [97] PM;q Water (son.) Water Breakages $X174 RF1 supercoiled phage DNA 8 —
Donaldson et al. [22] PM,, Water (son.) ‘Water Breakages $X174 RF1 supercoiled phage DNA 8 —
Dellinger et al. [96] PM, 5 PM, 5 PBS (nutator and PBS Breakages (electrophoresis/ $X174 supercoiled phage DNA 1 —
vortex) Comet)
Human K562 myeloid leukaemia cells 1-6 time-response
curve
Hsiao et al. [86] PM,q, PM; 5 PM,o, PM; 5 DCM (ultrason.) DMSO Breakages (Comet) Rat embryo fibroblasts 72 —
Dellinger et al. [47] PM, 5 PM, 5 PBS (nutator and PBS Breakages (electrophoresis/ $X174 supercoiled phage DNA 1 -
vortex) Comet-Assay)
3 _
Buschini et al. [70] TSP, PMjo, PMys TSP, PMo, PM, s  Acetone, toluene DMSO Breakages (Comet-assay) Leukocytes 1 +
(sox.)
Zhao et al. [78] TSP TSP DCM (son.) DMSO Breakages (DNA-repair Rat hepatocytes 3 +
(unscheduled DNA synthesis)
Chromosomal aberrations Kun-ming mice bone-marrow cells 6 +
(micronuclei assay)
Human K562 meyeloid leukemia
cells or IB3-1 human lung epithelial cells
Alfaro-Moreno et al. [88] PM;q PM,, Not used (dry Unknown Breakages (Comet) Balb-c cells 72 +
ultrason.)
Greenwell et al. [89] TSP, PM;o, PM,5s  PM;, more than Water (vortex) ‘Water Breakages $X174 supercoiled phage DNA 6 +
TSP and PM, 5
Knaapen et al. [98] TSP TSP Water (shaking, Water Oxidative DNA damage Calf thymus DNA (immuno-staining) 1 —
sonication) (8-0x0dG) Comet
3 _
Shi et al. [61] PM;o 25, PMys PMp55, PMss Ultrapure water Ultrapure Oxidative DNA damage Calf thymus DNA (immuno-staining) 1,5 +
(agitation) water (8-0x0dG)
A549 (immunocytochemistry) -
Lung epithelial cells (A549)
Uphadyay et al. [90] TSP TSP Water Water Breakages (FADU) Lung epithelial cells (A549) 24 +
Binkova et al. [72] PM,, PM,, DCM (unknown) DMSO Adducts (postlabelling) Calf thymus DNA +/—S9 4 —
Gabelova et al. [92] PM,o PM,, DCM DMSO Breakages (Comet) HepG2 cells 2 +
Brits et al. [93] PM,, PM,, ‘Water or DMSO Breakages (Comet) Lymphocytes 24 +
tetrahydrofurane/
hexane (20/80)
Micronucleus test 44 +
Lazarova et al. [94] PM,, PM,, DCM DMSO Breakages (Comet + HepG2 cells 24 +
ENDOIII/FPG) Caco-2 cells 24 +
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Salmon testis DNA +/— S9

Oxidative DNA damage
(8-0xodG; HPLC-ECD)

DCM (sox.) DMSO

TSP, PMyy, PM; 5

TSP, PM,o, PM; 5

De Kok et al. [39]

DNA-Adducts (postlabeling)

Plasmid (pBR322)

Breakages (electrophoresis/

Comet)

PBS

Water (vortex
or brushing)

Most damage

induced by

Size fractionated

PM;q

Healey et al. [95]

smaller fractions

24

Lung epithelial cells (A549)

Lung epithelial cells (A549)

Breakages (Comet) Oxidative
DNA damage (8-oxodG

HPLC-ECD)

PM;o Water Water

PM;q

Karlsson et al. [91]

DMSO, dimethyl sulfoxide; DCM, dichloromethane; PBS, phosphate buffered saline; sox., soxhlet extraction; (ultra)son., (ultra)sonication; fract., fractionation according to pH and polarity; shak.,

use of a shaker; AES, accelerated extraction system (14 mPa, 150 °C); FADU, fluorimetric analysis of DNA unwinding.
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various PM size fractions [39]. Two other studies
showed a positive relationship between the concentra-
tion of carcinogenic PAH and DNA-adduct formation in
the PM,q size fraction [72] or total PAH levels and
genotoxicity as assessed by the comet-assay and the
micronucleus test [93]. However, the authors of the
latter study indicate that the chemical analyses were not
predictive of the extent of genotoxic activity of the
samples. Although PM;, samples collected in three
European cities during the winter showed both higher
total PAH levels and higher genotoxic potential as
compared to samples collected in the summer, no
correlations between PAH levels and genotoxicity have
been calculated in this specific study [92].

A relationship between DNA-breakages and the
radical generating capacity of PM, s, as established by
ESR spectroscopy, was reported in two different
studies. Dellinger et al. measured high concentrations
of semiquinone radicals in the PM, s size fraction,
which can result in the formation of several types of
oxygen free radicals that are known to induce DNA
strand breaks [47,96]. We found a positive correlation
between radical generating capacity of various PM size
fractions and both direct and indirect DNA-reactivity
(formation of adducts as well as breakages) [39].

Other studies found indications for a role of PM-
bound iron or other transition metals in DNA-reactivity
in supercoiled plasmid DNA via formation of hydroxyl
radicals and the induction of 8-oxodG [22,90,97,98].
Based on the observation that in human epithelial lung
cells, the DNA damaging capacity (comet assay) of the
particle suspension was stronger than that of the
corresponding particle-free filtrates, Knaapen et al.
concluded that apart from ROS generation, a direct
‘particle’ effect contributes to the genotoxic potential of
ambient PM [98]. Healey et al. reported that both the
organic and inorganic components of several size-
fractionated samples of urban PM contributed to the
induction of DNA damage, but that the majority
(approximately 75%) was induced by the organic
extract [95].

6.3. Relationship between traffic intensity and
DNA-reactivity of PM

Most studies on DNA-reactivity of ambient PM, do
not provide detailed information on traffic intensity at
sampling locations or make comparisons between high
and low traffic sample sites. The limited data available
show no indications of a relationship between traffic
intensity and DNA-adduct formation or the induction of
oxidative DNA damage [39]. Furthermore, PM from
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locations with a relatively high intensity of heavy-duty
vehicles did not induce higher levels of DNA-adducts
than that from locations with a lower intensity of heavy-
duty vehicles. This seems to be in agreement with the
findings from another study, in which no differences in
PAH-DNA-adduct levels were found in human bron-
chial epithelial cells when exposed to either diesel or
gasoline PM extracts [99], despite the fact that the
concentration of PAHs was higher in the diesel PM
extracts. Although Karlsson et al. did not study
genotoxicity of PM in relation to motorised traffic
intensity, their finding that subway particles are more
genotoxic than particles sampled in a busy urban street
(Stockholm) is quite striking, particularly in view of the
high number of people exposed on a daily basis to
relatively high PM concentrations in subway systems
[91]. Analysis of the elemental composition showed
that iron (Fe;O4) was a dominating metal in the
subway PM. As the addition of a metal chelator
resulted in the reduced induction of oxidative DNA
damage, it appears that indeed the presence redox active
metals contribute to the genotoxicity of this specific
type of PM.

6.4. Conclusions

Most research on DNA-reactivity of PM has been
focussed on DNA-breakages without metabolic
activation. Generally, the smaller PM fractions (i.e.
PM, 5) showed the highest DNA-reactivity. Positive
relationships were found between radical formation
(superoxides, hydroxyperoxide, hydroxyl radicals,
semiquinone radicals) and the induction of DNA-
breakages. Furthermore, DNA-reactivity correlated
positively with concentrations of total PAH, carcino-
genic PAH, transition metals, and with the interaction
between PAH and transition metals. These findings
support the hypothesis that the radical generating
capacity of PM is influenced by its chemical
composition and that radical formation by PM is
directly related to the induction of DNA strand
breaks.

The formation of DNA-adducts upon PM exposure
and the effect of metabolic activation on DNA-
reactivity have not been studied extensively. The
results of the few studies so far showed higher DNA-
reactivity (both DNA-adduct formation and DNA-
breakages) after metabolic activation. The relationship
between traffic intensity and DNA-reactivity of PM
has not been studied in great detail either, and the
limited data available show no clear relationship
between the two.

7. Chemical composition and toxicological
effects of specific PM size fractions

7.1. Chemical composition of specific PM size
fractions

Information on particle size distribution is essential
to understand the potential health effects of PM
exposure. Although there is no strict relation between
size distribution and sources of emission, it has been
demonstrated that different PM size fractions originate
from different types of PM sources and that the
chemical speciation and bioavailability of PM compo-
nents also depend on the source of emission. In order to
evaluate differences in chemical composition and
toxicological characteristics of specific PM size
fractions, we summarised the results of relevant studies
in Table 6. This overview shows that the concentration
of PAH is generally higher in the smaller PM size
fractions [38,39,43]. This is likely to be the conse-
quence of the fact that PAH are formed during
combustion processes, which are known to contribute
particularly to ambient concentrations of fine and
ultrafine particulates. Furthermore, smaller particles
have a relatively large surface for PAH adsorption
[36,37]. With regard to traffic, PAH emission profiles
vary among engine types. Petrol engines emit the
greatest amount of high molecular weight PAH, such as
benzo[a]pyrene and dibenzo[a,h]anthracene, whereas
diesel engines are the principal source of low molecular
weight PAHs [100-102]. With regard to the metal
content, Table 6 shows that no particular PM size
fraction has consistently higher total or transition metal
content, although smaller particles seem to contain
more transition metals than larger ones. There are no
studies that indicate a relationship between traffic
intensity and metal content of any specific PM size
fraction.

As shown in Table 6, particles smaller than PM, 5
tend to possess a higher radical generating capacity than
larger ones [38,61], although differences found between
PM, 5, PM|o and TSP were not always consistent. The
radical generating capacity of the PM; fraction was
found to correlate positively with the levels of the
transition metals Fe and Cu [61], whereas for the larger
fractions no correlations were found with any type of
metal. For both PM, 5 and PM,, positive correlations
between radical generating capacity and PAH content
were found [39]. Overall, these data suggest that radical
formation in PM fractions larger than PM; is
predominantly determined by PAH content, whereas
the level of transition metals or the interaction between
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transition metals and PAH is of more importance in PM
size fractions smaller than PM,. As the number of
studies that assessed and compared radical formation in
various PM size fractions and its relation with chemical
composition is limited, more of these studies are needed
to substantiate these conclusions.

7.2. Toxicological effects of specific PM size
fractions

The studies summarised in Table 6 show quite
consistently higher mutagenicity, DNA reactivity and
cytotoxicity in the smaller PM size fractions. Further-
more, the relationships between toxicological effects
and chemical composition tend to be stronger in the
smaller size fractions. Hsiao et al. investigated PMq_» 5
and PM,; 5 and observed the highest cytotoxic effects in
PM, 5, which correlated positively with the concentra-
tions of solvent-extractable organic compounds,
alkanes and PAH [86]. Tong et al. analysed the
cytotoxicity of PM.,s and PM,s and found that
transition metals, in particular iron, were more easily
dissolved from PM, 5 than from the PM., 5 fraction,
which suggests that soluble transition metals may be the
main determinants of PM-cytotoxicity [87]. Massolo
et al. observed stronger positive correlations between
PAH, including nitro-PAH and carcinogenic PAH, and
the mutagenicity and cytotoxicity of the smaller PM
fractions (PM_9s5) than was the case in larger PM size
fractions [43]. Several studies showed that the PM, 5 or
smaller size fractions exerted the highest DNA-
reactivity [39,70,86,95], whereas the study of Shi
et al. showed a higher induction of oxidative DNA-
damage by the course fraction (PM;(_, 5) than by PM, 5
[61]. In this study DNA-reactivity correlated positively
with the radical generating capacity of PM. Samples
from Cardiff, UK, showed a higher DNA breaking
potency for PM,( as compared to both TSP and PM; 5
[89].

In addition to the in vitro toxicological character-
istics of PM reviewed here, animal studies have shown
that ultrafine particles produce serious adverse health
effects. However, the toxicological and epidemiological
data on ultrafine particles are even less complete than
for fine and coarse particulates.

7.3. Conclusions

In summary, these data strongly indicate that the
highest concentrations of PAH and transition metals are
found in the smaller PM size fractions. Concomitantly,
these fractions possess the highest radical generating

capacity, mutagenic and cytotoxic potential and are the
most DNA-reactive. Moreover, correlations between
toxicological potential and chemical composition are
generally stronger in the smaller size fractions. This
implies that particles smaller than PM;, are likely to
present a greater health hazard than PM,, and TSP.

8. Final remarks and conclusions

Epidemiological studies have provided ample
evidence of a positive association between PM exposure
and the induction of serious adverse health effects. As
no threshold for PM induced health effects has been
established up to now, a certain level of impact of PM on
human health probably has to be accepted. Current
policies in the EU might lead to reductions of the
emissions of PM in general, but current EU standards
are only defined for PM (annual average of 40 wg/m”;
daily average of 50 pg/m>, permitting 35 exceedances
per year). Whether a reduction in ambient PM,
concentrations will lead to a proportional reduction
of health effects is, however, uncertain. There is
considerable heterogeneity in PM characteristics as a
result of local and seasonal differences in PM sources,
composition and toxicity. Changes in the composition
of this complex mixture are likely to modify its health
impact. In order to define the most cost-effective
policies, the most health-relevant PM fractions will
have to be identified, based on their physicochemical
and toxicological characteristics, and linked to their
source of origin. Because traffic is known to contribute
importantly to PM exposure, traffic intensity must be an
important determinant of the qualitative characteristics
of PM in the atmosphere. In this review, we therefore
aimed to summarise the results from those studies that
characterised ambient PM toxicity in relation to
chemical composition and traffic intensity. This
inventory clearly shows that our knowledge on PM
characteristics is quite fragmentary and that most
studies have focussed on a limited number of
characteristics only. Inconsistencies between studies
may well be the result of the use of different methods.
Nevertheless, this review shows that in general, smaller
size fractions have the highest toxicological effects,
particularly mutagenicity, cytotoxicity and DNA-reac-
tivity. Furthermore, this review demonstrates that
smaller PM fractions generally contain higher concen-
trations of PAH, semiquinones, metals and transition
metals and have a higher radical generating capacity.
Several of the reviewed studies also demonstrated
stronger relationships between chemical composition
(nitro-PAH, solvent-extractable organic compounds,



Table 6
Studies in which the chemical composition and toxicity of specific PM size fractions were compared
Study PAH content Metal content RGC Mutagenicity DNA reactivity Cytotoxicity
Delgado-Rodriguez - - - PM,, > TSP - -
et al. [74]
Hsiao et al. [86] - - - - DNA breakage (Comet) PM, 5 >
PM;5>PMy5 o PM3s5 10
Buschini et al. [70] - - - PM, 5 > Breakages (Comet) -
PM,,, TSP Inconsistent, but
seasonal variation
Massolo et al. [43] PMg.49 > 5 different - - PM_g49 > - PM_g.40 >
larger size fractions® PM3_g.40 PM3_g 49
Tong et al. [87] - Soluble transition - - - -
metals; PM, s > PM., 5
Greenwell et al. [89] - - - - DNA breakage -
($X174) PM;o >
TSP and PM, 5
Wu et al. [27] - - - PM, s > -
PM, 510"
Fang et al. [103] - Fe: PM, 5 > PM, 510, - - - -
TSP; Mg, Cu and Mn:
TSP > PM; 5, PMa 5 10
Pb, Zn, Cr and Ni:
PM, s > TSP, PMy5 10
Li et al. [38] PM_o1 > PM;5s, PM, 510 > PM; 5, PM_g DTT, GSH depletion - - -
PM, s 10 and HO-1 induction:
PM_o.1 >PM, s, PMy 5 19
Shi et al. [58] - Fe and Cu: correlation ESR: PM; > PM, 5, PM,q - - -
with RGC (PM;)
Shi et al. [61] - Cu: correlation with ESR: PMp_»5 > PM, 5 - Oxidative DNA damage -
oxidative DNA damage (8-0x0-dG) PMg_»5 > PM, 5
De Kok et al. [39] PM, s > PM;,, TSP PM, 5 = PM,, = TSP ESR: PM, 5 =~ PM,(, = TSP PM, 5 > PM;,, TSP Adducts (postlabeling) TSP =2 PM,,

Healey et al. [95]

Without S9

PM, 5 > PM,,, TSP
Without S9; 8-oxodG
adducts PM, 5 > PM;,
PM, 5 > TSP With S9
DNA breakage
pBR3224/Comet) Most
damage induced by
smallest out of 9
size-fractionated

PM,( samples

RGC: radical generating capacity; DTT, dithiothreitol-assay; HO-1, haem oxygenase-1; —, not assessed.
# Tendency, not statistically evaluated.
® PMo.05-0.49: PMi5_0.40: PM3_1.53 PM72.3: PMig_7..
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alkanes, transition metals and radical generating
capacity) and toxicological effects (mutagenicity,
cytotoxicity and DNA-reactivity) for smaller PM size
fractions than for coarse fractions.

In those studies that characterised traffic intensity,
differences in PM toxicity did not systematically
depend on traffic intensity. This implies that traffic
intensity is not always the most important variable for
explaining local differences in PM toxicity. As it has
been shown that differences in PM toxicity are not
necessarily related to PM mass concentrations, mon-
itoring PM mass concentrations without taking physi-
cochemical and toxicological characteristics into
account, may easily overlook PM ‘hot spots’ with
increased toxicological risks. As the current data do not
provide sufficient evidence to demonstrate what
chemical composition or toxicological mechanism is
primarily responsible for PM induced health effects,
additional research is needed to link PM characteristics
to increased human health risks.

There is also emerging evidence for a relationship
between ultrafine particulates and health risks. It is
known that diesel engine emissions contribute greatly to
the ultrafine PM fraction, which consists of aggregates
of soluble sulphates, hydrocarbons and metals with a
carbon core, and can deposit with high efficiency in the
lungs. However, at this moment, the available data from
toxicological and epidemiological studies is insufficient
for regulating ultrafine particle concentrations.

When assessing human health risks associated with
PM exposures, it should be kept in mind that traffic
emissions also contribute to increased air pollution with
volatile organic compounds, NO, and SO,. Although
these gaseous compounds do not affect the toxicological
characteristics of ambient PM directly, they are quite
likely to influence cellular susceptibility to cytotoxic
and genotoxic damage upon PM exposure. For example,
partial depletion of antioxidative systems as a result of
exposure to NOx or reactive aldehydes (e.g. PAN) in
both lung epithelial cells and lining fluid, may result in
increased cytotoxicity and oxidative DNA damage due
to PM-mediated radical formation. However, when
interpreting data from epidemiological studies on PM-
related health effects that do not simultaneously take
exposure to volatile traffic emissions into account,
potential health risks should be attributed to the
complex chemical mixture of air pollution as a whole
rather than to the PM fraction.

All together, these findings indicate that in addition
to the current European standards for PM;, indicators
for smaller sized (in the range between 1 and 2.5 pm) or
source-related PM should also be considered for

regulation. In order to identify appropriate PM
emission abatement measures, further research is
needed to more convincingly establish the relationship
between toxicity of these smaller fractions and specific
PM sources.
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