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a b s t r a c t

Epidemiologic studies suggest that ozone (O3) and airborne particulate matter (PM) can interact causing
acute respiratory inflammation and other respiratory diseases. Recent studies investigated the hypothesis
that the effects of air pollution caused by O3 and PM are larger than the effect of these two pollutants
individually. We investigated the hypothesis that ozone and traffic-related PM (PM10 and PM2.5, diesel
and gasoline exhaust particles) interact synergistically to produce increasing amounts of highly reactive
hydroxyl radicals (HO•) in a heterogeneous aqueous mixture at physiological pH. Electron paramagnetic
resonance (EPR) and spin trapping were used for the measurements. Results showed that HO• radicals
articulate matter
ynergistic effect
ydroxyl radicals
ir pollution

are generated by the catalytic action of PM surface area with ozone and that EPR peak intensities are
two to three times higher compared to PM samples without ozone. Incubation of the nucleoside 2′-
deoxyguanosine (dG) in aqueous mixtures of ozone and PM at pH 7.4 resulted in the hydroxylation at C(8)
position of dG. The formation of 8-hydroxy-2′-deoxyguanosine (8-OHdG) showed a 2–2.5-fold increase
over control (PM without O3). These results suggest that PM and O3 act synergistically generating a sus-
tained production of reactive HO• radicals. Partitioning of O3 into the particle phase depends on the
concentration, hygroscopicity and particle size.
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. Introduction

High levels of ambient traffic-related particulate matter (PM)
ave been reported to be associated with increased human morbid-

ty and mortality [1]. Ambient PM contains numerous carcinogenic
nd toxic substances, heavy metals and stable quinoid radicals.
lso, traffic-related particles are potent oxidants, oxidizing impor-

ant biological molecules, producing reactive oxygen species (ROS)
nd directly attacking cellular compartments [2,3]. Ozone (O3) is a
ighly reactive oxidant gas and a major component of air pollution,
specially photochemical smog [4].

Many epidemiologic studies have indicated substantial asso-
iation between ambient ozone concentrations and adverse
espiratory lung diseases [5,6]. When inhaled, ozone can induce
dverse health effects in human lungs and cause airway inflamma-

ion. Ozone induces oxidative stress in two stages, the first by O3
nd its bioactive reaction products, and the second by the activated
espiratory tract inflammatory processes [7,8]. A primary target
f ozone in the lungs is the alveolar epithelium. Ozone is known

∗ Corresponding author. Tel.: +30 210 7274479; fax: +30 210 7274761.
E-mail address: valavanidis@chem.uoa.gr (A. Valavanidis).
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o induce epithelial cytotoxicity, DNA damage and injury through
cute chronic oxidative stress, which ultimately produces necro-
is, sloughing and increased epithelial permeability [9,10]. Ozone
as been shown that is able to induce lung tumors in experimen-
al animals, through free radical mechanisms and especially by the
ormation of HO• radicals [11]. Experiments with DNA in aqueous
olution showed that ozone itself interacts with DNA in a dose-
ependent increase of the 8-oxo-7, 8-dihydro-2′-deoxyguanosine
8-oxo-dG) oxidative damage, which can partially inhibited by
ydroxyl radical scavengers. These results suggest that DNA muta-
enic damages were caused by ozone via the production of HO•

adicals (enhanced with piperidine treatment) [12].
Ozone and PM have traditionally been considered as separate

nvironmental pollutants, but several recent studies and epidemi-
logical evidence indicate that, there is a positive association
etween airborne PM and O3 and hospital admissions for res-
iratory diseases. The relative risks are mainly for increases of
00 �g/m3 in daily PM10 and 50 ppb in daily ozone concentrations
13–15]. Diesel exhaust particles (DEP) generate substantial inflam-
atory effects in airways of healthy subjects, but when exposed to
EP and ozone together a significant increase in neutrophils and
yeloperoxidase was seen in their sputum [16]. Experiments in vivo

ndicate a synergistic or additive effect of ozone and PM. When rats
ere exposed to mixtures of O3 and various fine ambient PM there

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:valavanidis@chem.uoa.gr
dx.doi.org/10.1016/j.jhazmat.2008.05.124
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as an increase in the toxicity effects [17]. A number of recent stud-
es, showed that ambient concentrations of ozone can increase the
iological potency of diesel exhaust particles in rat lungs [18]. Also,

nhalation of urban particles at a level that causes few effects in the
ung of rats, when inhaled in combination with ozone appeared
o potentiate cell injury and interstitial inflammation [19]. Ozone
xposure enhances the toxicity of DEP in human airway epithelial
ells by augmenting IL-8 gene expression (a potent chemoattrac-
ant of neutrophils in the lungs) [20].

The role of ambient traffic-related particles in the atmosphere
as elicited a great deal of recent interest due to the possible

nfluence of heterogeneous reactions with ozone and other gases.
he heterogeneous uptake of ozone by mineral dust aerosols, the
nfluence of relative humidity and the process of catalytic transfor-

ation at active surface sites have been studied [21]. A recent study
howed that ozone-initiated oxidation reactions of volatile organic
ompounds significantly affected concentrations of ultra-fine par-
icles in confined spaces [22].

Also, relevant studies observed the transformation of ozone into
O• from experiments measuring its high oxidation efficiency in
ater treatment. Ozone’s oxidation potential increases substan-

ially with the presence of activated carbon (with high basicity
yrrol groups) or carbon black, enhancing its transformation into
O•. Activated carbon acts as an initiator or promoter for the ozone
ecomposition. Textural characteristics, such as large pores and
urface area, of activated carbon are governing factors for ozone
ecomposition into HO• [23,24].

Additionally, it has been shown by various experimental results
hat ROS produced by airborne particulate matter, including the
ighly reactive and damaging HO•, can cause severe oxidative stress
ithin cells through the formation of oxidized cellular macro-
olecules, including nucleic acids, proteins and lipids [25,26]. The

ormation of the oxidatively damaged DNA nucleosides such as
-hydroxy-2′-deoxyguanosine (8-OHdG) has been associated with
ging and carcinogenesis [27,28].

The intent of the present study was to determine the abil-
ty of ozone and traffic-related airborne PM (in aqueous buffered

ixtures, at various pH values) to generate synergistically increas-
ng amounts of hydroxyl radicals (HO•), compared to individual
ction of O3 or PM. Particles used in this study include: PM10,
M2.5, diesel exhaust particles and gasoline exhaust particles (GEP).
his work was set-up to test also the mutagenic oxidative damage
aused by synergistic or additive effect of O3 and PM in aque-
us mixtures (at physiological pH 7.4) by the hydroxylation of
′-deoxyguanosine (dG) in the C(8) position and the formation
f 8-hydroxy-2′-deoxyguanosine (8-OHdG), as a measure of direct
eneration of ROS.

. Experimental

.1. Chemicals

5,5-Dimethyl-1-pyrroline-N-oxide (DMPO) was purchased from
ldrich Chemical Co., Milwaukee, WI. 2′-Deoxyguanosine was from
ldrich. Other fine chemicals of reasonable purity were purchased

rom Merck and Fluka. Water used in our experiments was fil-
ered with ion-exchange resins and double distilled (also, water
as checked for iron ions).
.2. Particulate matter samples

Three samples from PM10 and PM2.5 of ambient suspended par-
icles were collected from a sampling site (considered as highly
olluted urban area) in the center of Athens (Division of Atmo-
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pheric Pollution and Noise Control, Ministry of Environment,
egional Planning and Public Works). Sampling was carried out by
igh-volume pump on a 24-h basis on pre-weighed glass microfiber
lters (Whatman, GF/A 20.3 cm × 25.4 cm). The sampling system
as equipped with a six-stage slit cascade impactor (Andersen),
hich effectively separates the particles into seven fractions. The

M10 fraction contains particles in the range of 10.21–4.2 �m of
erodynamic diameter (a.d) and the PM2.5 fraction contains par-
icles in the range of 2.5–0.73 �m (a.d). Three different samples
f exhaust soot from diesel and gasoline (without catalytic con-
erter) vehicles were collected on annealed glass-fiber filters using
low volume air sampler, at a distance of 0.5 m from the exhaust
ipe. Vehicle exhaust emissions sampling represent warm-engine
peration at 800 rpm (idle mode) and 2500 rpm (simulating urban
riving conditions).

All samples were stored in acid cleaned aluminum foil and kept
t −40 ◦C until used.

.3. Experimental procedures

Ozone was generated by flowing pure oxygen in a silent arc
enerator (Ozonisator, Sander Model 200 (Uetze/Eltze, Deutsch-
and)), producing 200 mg of O3/h. Concentration of ozone in the
queous solution was determined spectrophotometrically, using

(260 nm) = 3300 dm3/mol [29]. The maximum concentration
chieved, after 1 h of addition, was 0.05–0.06 mM.

Ozone was added to the mixture at two different modes: mode
, ozone was bubbled deep inside the solution through a capillary
ube; mode 2, ozone was streaming over the aqueous surface of
he mixture causing a slight vortex. The experimental vessel was
overed by aluminum foil to avoid light. Four different pHs were
sed in our experiments: 4.5, 6.0, 7.4 and 7.8. Higher values of pH
ould not be used due to inability of DMPO to trap hydroxyl radicals.
he pH at 7.4 represents the physiological pH of aerobic organisms.
our different amounts of PM were used in our experiments: 20,
0, 50 and 80 mg in a 10-mL aqueous solution. The heterogeneous
queous mixture was stirred continuously with a small PTFE coated
agnetic stirring bar (particles floating throughout the solution).
ne microliter of DMPO aqueous solution (50 mM) was added to

he mixture.
A sample of 0.5 mL of the mixture was withdrawn quickly (at

ntervals (10, 15, 20 and 40 min) and the filtrate was inserted into
quartz flat electron paramagnetic resonance (EPR) cell. The EPR

pectra were collected using a Varian E-4 EPR spectrometer. Typ-
cal parameters: 100 kHz X-band; microwave frequency 9.4 GHz;
ttenuation power 20 mW; modulation amplitude 1.0 G; scan range
00 G, scan time 4–8 min; time constant 1 s and receiver gain in the
ange 2.5 × 102 to 8 × 103.

Control experiments for the generation of hydroxyl radicals
HO•) were performed using only aqueous PM mixtures with-
ut ozone, and similarly, ozone solution without the presence
f PM. Also, we conducted limited controlled experiments to
est the generation of HO• in the presence of 0.01 M H2O2
n the mixture of PM and O3. It is known that traffic-related
M contain high concentrations of transition metals with redox
otential, which with H2O2 produce HO• by the Fenton reaction
Mn+ + H2O2 → M(n + 1)+ + HO− + HO•) [26].

.4. Hydroxylation of 2′-dG into 8-OHdG at pH 7.4
The nucleoside 2′-deoxyguanosine (dG) was incubated at an
mbient temperature for 20 min in the dark with three different
mounts of PM (0.1, 0.5 and 1.0 mg/mL of aqueous buffered mix-
ures at pH 7.4. The dG concentration was 0.1 mM. The aqueous

ixture containing PM was stirred gently and continuously with a
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Fig. 1. Typical electron paramagnetic resonance (EPR) spectra (spin trapping) for
control experiment: (1a) DMPO in aqueous solution for 20 min; (1b) DMPO plus
ozone bubbled through the solution; (1c) typical EPR spectrum of short-lived spin-
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mall PTFE coated magnetic stirring bar (particles floating through-
ut the solution). Ozone was streaming over the aqueous surface
f the mixture causing a slight vortex (mode 2).

Following incubation, the reaction mixture was filtered through
spin-X 0.45 mm nylon centrifuge tube filter and the result-

ng filtrate was analyzed for dG and 8-OHdG by HPLC. We
sed two methods for the HPLC analysis of 8-OHdG with small
hanges as described previously [30,31]. In the first HPLC analysis
he 8-OHdG was monitored at 254 nm and by an electrochem-
cal detector (Coulochem II EC, ESA, Inc., Chelmsford, MA) set
t 400 mV and 20 nA full scale. The eluting solution was 7%
ethanol–93% buffer solution (KH2PO4, 50 mM, pH 7.4) and

ow rate 1.0 mL/min. In the second HPLC with UV–vis detec-
ion at 293 nm the eluting solution was 3% acetonitrile and 0.1%
queous acetic acid at flow rate 1.0 mL/min. The quantitative mea-
urements of 8-OHdG are presented in microgram 8-OHdG/106

G.

. Results and discussion

.1. Generation of HO• in O3 or PM aqueous mixtures

The science of electron paramagnetic resonance spectroscopy
s very similar in concept to the more familiar nuclear magnetic
esonance (NMR) technique. EPR is used to record the spectra of
ree radicals, i.e. an atom, molecule or ion containing one unpaired
lectron. Free radicals (like the hydroxyl radical, HO•) are extremely
nstable, thus spin traps (nitroxides, e.g. DMPO) are used to sta-
ilize them temporarily in order to obtain their EPR spectra by
orming the DMPO–OH adduct.

Experimental results showed that without the presence of PM
amples there are detectable EPR signals. Ozone, without the pres-
nce of PM, was bubbled at an ambient temperature (in the dark)
hrough the aqueous buffered solution at four different pH values
in the presence of 50 mM of the spin trap DMPO). No signals were
etected after 10, 20, 40 and 120 min (Fig. 1, 1b), only very weak
PR signals, covered by noise, appeared at pH 7.8 (Fig. 1, 1a). Ozone
s known to dissociate at alkaline solution [23]. Also, no EPR signals

ere obtained from solutions containing only 50 mM DMPO.
In Fig. 1, we included a typical EPR spectrum of DMPO–OOH

1c) adduct which is formed temporarily (when PM samples are
ncluded in the mixture) and a representative EPR spectrum of the
DMPO–COO]•−, when HCOONa is added into the mixture to check
he formation of hydroxyl radicals (HO•) (1d). The scale on the y-
xis of all spectra is indicated by the 10-G line. The height of the
eak intensities is in arbitrary units.

All four PM samples (without ozone) exhibited similar EPR sig-
als in aqueous buffered mixtures at four different pH values in
he presence of the spin trap DMPO. The methodology used and
he corresponding results were presented in detail in our previ-
usly published study [32]. Initially, the spin-trapped superoxide
nion (O2

•−) was detected very briefly, as the DMPO–OOH rad-
cal adducts, but it was short-lived and was converted into the
MPO–OH radical adduct. Weak to medium EPR signals were
etected for all samples. The pH values did not influence signif-

cantly the EPR signal intensities, but the strongest EPR signals
ere observed at pH 7.4 and 7.8, which developed in the first
0 min of mixing (Fig. 2, 1a–d). The 1:2:2:1 quartet EPR signal
bserved is the typical DMPO–OH spin adduct [33]. This EPR

pectrum was observed when 50 mg/10 mL solution of individual
articles (PM2.5, PM10, DEP and GEP) was stirred for 20 min in
queous mixtures at pH 7.4. Confirmatory test for the HO• radi-
al formation (and not an artefactual case) was obtained by the
ddition of 0.05 M HCOONa. The distinctive six-line EPR spec-

b
n
o

a

rapped adduct of superoxide anion, the DMPO–OOH generated in aerated solutions
f PM samples in the presence of 100 mM DMPO, and (1d) typical six-line EPR
pectrum of [DMPO–COO]•− , in the presence of HCOONa, confirming HO• radical
eneration.

rum is the [DMPO–COO]•− spin adduct (Fig. 1, 1d). These results
rovide additional evidence for HO• radical formation by PM
ixtures and were explained in detail in our previous papers

32,34].
Finally, ozone was added through a solution of 0.05 M of H2O2

n the presence of DMPO. After 30 min no detectable EPR signals
ppeared. This is another typical confirmatory experiment that can
roduce artefactual signals in the EPR spectra. The significance of
his experiment is the low physiological concentrations of H2O2,
hich have been detected in cell compartments or as a result of an

nflammatory response. Hydrogen peroxide can be another oxida-
ive candidate in the aqueous environment of the lung tissues,
specially in the alveoli [35].

.2. EPR study of spin-trapped HO• generated by samples of PM
ith O3

PM samples with ozone bubbled through the solution exhib-
ted much stronger EPR signals in the presence of the spin trap
MPO, when compared to only individual PM samples. The sam-
les of PM2.5 and DEP generated EPR signals with the highest line

ntensities, followed by weaker EPR signals from GEP and PM10.
he optimal concentration of PM was the 50 mg/10 mL mixture. The
zone concentration in the mixture range of 0.05–0.06 mM and the
est results were for sampling after 20 min. Longer sampling did

ot produce higher intensity EPR signals. The best EPR signals were
btained at pH 7.4 and 7.8.

Results of EPR spectra for the HO• radical (as DMPO–OH spin
dduct) generation by four PM samples (50 mg) with ozone, when
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ig. 2. Typical EPR spectra of radicals, first, generated by PM samples without ozon
EP. Secondly, typical EPR spectra of PM samples with ozone bubbled over the top o

ubbling was over the aqueous mixture (mode 2) (Fig. 2, 1e–h).
he EPR signal intensities are higher, approximately, by 10–20%,
ompared with the intensities obtained when ozone was bubbled
eep inside the aqueous mixture (mode 1).

Quantitative measurements of EPR peak intensities of all four
M samples with O3 show that these EPR signals are 2–2.5 times
igher than when individual PM were used only, without ozone.
he measurements are in arbitrary units, i.e. EPR peak intensi-
ies are the sum of the height, in centimeter, of the four lines
f the 1:2:2:1 quartet). The summary of the results is presented
n Fig. 3. Together, these results indicate that PM can catalyze
he transformation of O3 resulting in the increase of HO• rad-
cal concentrations, compared to controls (individual PM only).
ncreasing the amount of PM over 50 mg/10 mL (while ozone
oncentration remains constant) did not increase the EPR signal
ntensities.

A slightly different experimental procedure was used for the
ddition of ozone. Blowing ozone over the reaction vessel of the
tirred mixture and not deep inside the mixture (method 2), caused

10–20% increase in the EPR signal intensities, compared to method
. Changing the pH also influenced the EPR signal intensities. Higher
ignals, by, approximately, 20–30%, were recorded at pH 7.4 (sam-
ling at 20 min) compared to lower pH. The results are presented

n Fig. 3.

(
c
S
p
i

he 1:2:2:1 quartet of DMPO–OH spin adduct: (1a) PM2.5; (1b) PM10; (1c) DEP; (1d)
ture (mode 2). (1e) PM2.5 + O3; (1f) PM10 + O3; (1g) DEP + O3; (1h) GEP + O3.

.3. Hydroxyl radical generation by PM and O3 in the presence of
2O2

Experiments were conducted to test the effect of H2O2 (0.01 M)
n the aqueous mixture of PM and O3 at pH 7.4. The physiolog-
cal presence of low concentrations of hydrogen peroxide in cell
ompartments makes this observation interesting. The EPR mea-
urements of DMPO–OH adduct showed even higher EPR signal
ntensities, when compared to the mixture of only PM with O3.
hese results are presented in Fig. 3. Increases in the formation of
O• can be explained by the presence of transition metals with

edox potential, in the traffic-related particles and the Fenton reac-
ion.

.4. Hydroxylation of nucleoside 2′-deoxyguanosine

The results of the comparative study dealing with the C(8)
ydroxylation of the purine moiety of dG by PM and O3 are shown

n Table 1. Control experiments with only 2′-deoxyguanosine

0.1 mM) in aqueous solutions at pH 7.4 showed very small con-
entrations of 8-OHdG, in the range of 8–10 8-OHdG/106 dG.
olutions of dG exposed to O3 alone (streaming on the surface,
H 7.4, at an ambient temperature in the dark) showed small

ncreases, in the range of 19–23 8-OHdG/106 dG. Mixtures of
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ig. 3. Generation of HO• radicals by four PM samples (50 mg/10 mL) and ozone in t
ixture) and mode 2 (over the top of the aqueous mixture). EPR peak intensities

uartet). The results are expressed as the mean ± S.D. (n = 3). Error bars represent th

G with PM alone showed increases in concentrations, rang-
ng from 72 to 110 8-OHdG/106 dG. Finally, incubation of dG

ith mixtures of PM and O3 (ozone was added over the sur-
ace of the stirred mixtures) showed substantial increases of
-OHdG formation. Results showed 2.0–2.5-fold increases of C(8)
ydroxylation. Concentrations were in the range of 240–190 8-
HdG/106 dG. The highest concentrations were the result of the

ncubation of dG with PM2.5 and O3. Results are presented in
able 1.

.5. Significance of particle sizes and O3 for additive or
ynergistic effect

This investigation, concerning traffic-related airborne particles
nd ozone, is considered important because of health implication in
rban environments. Studies in experimental animals and epidemi-
logic evidence have indicated that combined exposure to ozone
nd PM exacerbate asthma symptoms, airway inflammation, hos-
ital admissions for pneumonia and chronic obstructive diseases
13,36].

Our results demonstrated that traffic-related PM can generate
OS in aqueous mixtures, especially HO• radicals, but in combi-
ation with ozone there is a substantial increase of HO• radicals

ormation (as DMPO–OH spin adduct), suggesting an additive or

ynergistic effect. PM2.5 and DEP samples, which contain particles
ith smaller aerodynamic diameter, have the highest EPR signal

ntensities, followed by GEP and PM10, compared to only PM sam-
les. The increases are in the range of 2.0–2.5-fold, when compared
o individual PM alone. This is an indication that surface areas of

able 1
uantitative HPLC measurements of 8-OHdG formation from incubation of nucle-
side 2′-deoxyguanosine with mixtures of various PM and bubbling with O3 at
hysiological pH 7.4

eaction mixture PM10 PM2.5 DEP GEP

M + O3 190 ± 12 240 ± 30 235 ± 24 210 ± 18
M (without ozone) 72 ± 8 110 ± 18 100.3 ± 10.8 90 ± 8
3 (without PM) 23 ± 3 20 ± 3 21 ± 2 19 ± 1
ontrol (only dG) 8 ± 1 8 ± 2 10 ± 2 9 ± 2

alues estimated in �g 8-OHdG/106 dG, the results are expressed as means ± S.D.
n = 3). Results are for 1 mg/mL of PM mixture and ozone was bubbled on the surface
f the mixture for 30 min.

o
r

Q

o

Q

O

s
e

sence of DMPO. Ozone was bubbled through the mixture mode 1 (into the aqueous
pressed in arbitrary units (the sum of the height (cm) of four lines of the 1:2:2:1

articles play an important role in the transformation of O3 into
ydroxyl radicals.

Our experimental results showed that, addition of O3 over the
op of the PM aqueous mixture, than deep inside the mixture, pro-
uced higher amounts of HO• radicals. Although the difference is
elatively small, this observation is an interesting indication sug-
esting that the transformation of O3 occurs in the interface of
article surface and the gaseous pollutant. Also, the results suggest
hat the smaller the PM size fraction (e.g. PM10) the larger the sur-
ace area and their porous cavities, and subsequently the higher the
adical-generating capacity. A recent review of studies for the eval-
ation of toxicological effects of traffic-related PM showed that, in
eneral, the smaller PM size fractions (<PM10) have the highest tox-
city, due to its higher concentrations of extractable organic matter
nd the higher radical-generating capacity [37].

.6. Reactions of hydroxyl radical generation by PM and O3

In our previous published experimental work we demonstrated
hat various samples of airborne traffic-related PM could generate
2

•− (short-lived even in the spin-trapped form of its DMPO–OOH
dduct), which subsequently forms the HO• radicals in aerated
queous mixtures [32]. The various reactions, proposed for the pro-
uction of ROS by PM alone, involve the redox dynamic mixture
f quinoids (QH2) and their semiquinone radicals (QH•) found in
elatively high concentrations in traffic-related PM [2,32].

H2 + O2 → QH• + O2
•− + H+ (1)

r QH2 + O2 → Q •− + O2
•− + 2H+ (2)

H• + O2 → Q + O2
•− + H+ (3)

2
•− + 2H+ → H2O2 + O2 (4)

(Fentonreaction) H2O2 + Fe2+ (or M)n+
→ Fe3+(Mn + 1) + HO− + HO• (5)

The addition of O3 in the aqueous mixture introduces some sub-
equent reactions. O2

•− produced by PM samples can transfers an
lectron to O3 and the radical anion O3

•− is transformed, according
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o the reactions:

2
•− + O3 → O3

•− + O2 (6)

3
•− + H2O → HO• + HO− + O2 (7)

In our limited experiments, with the addition of H2O2 in the
ixture (PM + O3), we observed a substantial increase in the inten-

ities of the EPR signal. This is the result of the additional HO•

eneration by transition metal ions, especially with redox poten-
ial, which are constituents of most traffic-related PM [29]. Similar
xperiments were performed by Dalal et al. [38] with coal mine
usts (generation of HO•, spin-trapped by DMPO at pH 7.4) but in
he presence of H2O2. Their results showed that higher concentra-
ions of surface iron in coal mine dusts were responsible for the
eneration of HO• radicals.

Despite the lack of similar experiments in the scientific litera-
ure, our results can be compared with a study of ozone degradation
nto HO• radicals in aqueous buffered solution at pH 4.5, 7.2 and 7.8
spin trapped by DMPO). The authors observed weak EPR signal
f DMPO–OH adduct if ozone was bubbled into the solution, but
ubsequently the EPR signal intensities were much higher with the
ddition of 10−4 M caffeic acid, phenol, ferrulic or cinnamic acid
reducing agents). They observed that the EPR signal were much
tronger when ozone was bubbled over the solution for 60 s (mode
). The higher EPR signals were detected at pH 7.8 [39].

Other recent studies showed that traffic-related PM (such as
M10 and PM2.5 from both diesel and gasoline engine exhaust) have
he capacity of generating ROS (HO• radicals). This capacity was
ound to be significantly correlated with the concentrations of poly-
yclic aromatic hydrocarbons (PAHs) and transition metals (Cu2+,
e2+). Reducing agents, like ascorbic acid, in aqueous mixtures of PM
timulated the production of ROS in vitro [40,41]. Obviously, PAHs
nd metal ions can contribute through redox cycling in the produc-
ion of ROS. Stable quinoid radicals in airborne particles must play
major role in redox cycling and in the mechanism for sustained

ree radical generation, especially HO• [2,42].

.7. Oxidative stress and toxicity of PM and O3 shows consistent
nteractions

Toxicity experiments in vivo showed that carbonaceous parti-
les and O3 increased oxidative stress. Rats exposed alone and in
ombination to ultrafine carbonaceous particles (median diameter
5 nm) and ozone (1 ppm) showed consistent interactions between
articles and ozone and increased oxidative stress. The results indi-
ated that inhaled ultrafine carbonaceous particles for short period
6 h) can induce significant pulmonary inflammation and oxidative
tress, modified by age, co-pollutants (ozone) and a compromised
bacterial toxin) respiratory tract [43]. Similar acute pulmonary tox-
city effects results were recorded with rats exposed to PM and
zone [44,45].

Partitioning of O3, HO•, and H2O2 (formed as a decomposition
roduct) into the gas and particle phases probably depends on their
oncentration, but also on the hygroscopicity and porous cavities
f the particles as well as their size. The co-occurrence of these
ollutants in the ambient atmospheric environment may provide
transport route of reactive oxygen species and free radicals into

he respiratory tract with damaging effects into the alveolar region.
t must be emphasized that molecular oxygen metabolites, such
s superoxide anion (O2

•−) and H2O2 have been detected in the

espiratory tract lining fluid as components of innate immunity.
2O2 is extremely water-soluble and can penetrate deeper into the

espiratory tract [46].
Increasing interest has developed recently with regard to the

ole of metals in the particulate air pollution in inducing nuclei

[

[

us Materials 162 (2009) 886–892 891

cid damage, especially in the base moieties of DNA [47]. In our
tudy, incubation of urban particulates with dG and exposed at the
ame time to O3 resulted in 2.0–2.5-fold increase in 8-OHdG forma-
ion compared to controls at ambient temperature at pH 7.4. There
re no similar results in the scientific literature, but similar results
ere reported by Prahalad et al. [26] with coal fly ash, oil fly ash

nd ambient air particulates (without exposure to O3) compared to
ontrols. They used free dG, calf thymus and cellular DNA in their
xperiments. According to their results the enhancement of DNA
amage under aerobic conditions by particulates was consistent
ith the concentrations of water-soluble metals of PM [26].

In summary, our findings provide further evidence for the addi-
ive or synergistic effect of ozone and traffic-related PM and in the
eneration of highly damaging hydroxyl radicals, in aqueous solu-
ions at physiological pH, compared to airborne particles or ozone
ndividually. Although additional work is needed to establish the

echanisms of HO• generation by the combined effect of PM and
zone, this study indicates that particle size and surface area play an
mportant part. Also, stable quinoid radicals and transition metals
f PM may have an important role in the formation of HO•, which
s capable to cause cellular injury in lung tissues.

cknowledgements

We gratefully acknowledge the financial support by the
esearch Grants Committee of the University of Athens, and the
irector of the Laboratory of Organic Chemistry for the use of chem-

cals and various scientific instruments.

eferences

[1] C.A. Pope III, R.T. Burnett, M.J. Thun, E.E. Calle, K. Ito, G.D. Thurston, Lung can-
cer, cardiopulmonary mortality and long-term exposure to fine particulate air
pollution, J. Am. Med. Assoc. 287 (2002) 1132–1141.

[2] B. Delinger, W.A. Pryor, R. Cueto, G.L. Squadrito, V. Hedge, W.A. Deutch, Role
of free radicals in the toxicity of airborne fine particulate Matter, Chem. Res.
Toxicol. 14 (2001) 1371–1377.

[3] A. Churg, M. Brauer, Ambient atmospheric particles in the airways of human
lungs, Ultrastruct. Pathol. 24 (2000) (2000) 353–361.

[4] D. Kley, M. Kleinmann, H. Sanderman, S. Krupa, Photochemical oxidants: state
of the science, Environ. Pollut. 100 (1999) 19–42.

[5] I.S. Mudway, F.J. Kelly, Ozone and the lung: a sensitive issue, Mol. Aspects Med.
1 (2000) 1–48.

[6] G.D. Thurston, K. Ito, Epidemilogical studies of acute ozone exposures and mor-
tality, J. Expo. Anal. Environ. Epidemiol. 11 (2001) 286–294.

[7] W.A. Pryor, Mechanisms of radical formation from reactions of ozone with
target molecules in the lung, Free Radic. Biol. Med. 17 (1994) 451–465.

[8] D. Bassett, C. Elbon-Copp, S. Otterbein, H. Barraclough-Mitchell, M. Delorme,
H. Yang, Inflammatory cell availability affects ozone-induced lung damage, J.
Toxicol. Environ. Health Part A 64 (2001) 547–565.

[9] K.P. Vesely, E.S. Schelegle, M.Y. Stovall, J.P. Harkema, J.F. Green, D.M. Hyde,
Breathing pattern response and epithelial labeling in ozone-induced airway
injury in neutrophil-depleted rats, Am. J. Respir. Cell Mol. Biol. 20 (1999)
699–709.

10] J. Wang, S. Wang, R. Manzer, G. McCorville, R.J. Mason, Ozone induces oxidative
stress in rat alveolar type II and type I-like cells, Free Radic. Biol. Med. 40 (2006)
1914–1928.

11] K. Victorin, Review of the genotoxicity of ozone, Mutat. Res. 277 (1992) 221–238.
12] K. Ito, S. Inoue, Y. Hiraku, S. Kawanishi, Mechanism of site-specific DNA damage

induced by ozone, Mutat. Res. 585 (2005) 60–70.
13] M. Medina-Ramon, A. Zabonetti, J. Schwartz, The effect of ozone and PM10 on

hospital admissions for pneumonia and chronic obstructive pulmonary dis-
ease: a national multicity study, Am. J. Epidemiol. 163 (2006) 579–588.

14] R.W. Atkinson, H.R. Anderson, J. Sunyer, M. Baccini, J.M. Vonk, A. Boumghar, F.
Forastiere, B. Forsberg, G. Touloumi, J. Schwartz, K. Katsouyanni, Acute effects
of particulate air pollution on respiratory admissions: results from APHEA 2
project. Air pollution and health: a European approach, Am. J. Respir. Crit. Care
Med. 164 (2001) 1860–1866.

15] J. Schwartz, PM10, ozone, and hospital admissions for the elderly in
Minneapolis-St. Paul, Minnesota, Arch. Environ. Health 49 (1994) 366–374.
16] J. Bosson, J. Purazar, B. Forsberg, E. Adelroth, T. Sandstrim, A. Blomberg, Ozone
enhances the airway inflammation initiated by diesel exhaust, Respir. Med. 101
(2007) 1140–1146.

17] M.T. Kleinman, C. Bufalino, R. Rasmussen, D. Hyde, D.K. Bhalla, W.J. Mautz, Toxi-
city of chemical components of ambient fine particulate matter (PM2.5) inhaled
by aged rats, J. Appl. Toxicol. 20 (2000) 357–364.



8 zardo

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

92 A. Valavanidis et al. / Journal of Ha

18] M.C. Madden, J.H. Richards, L.A. Dailey, G.E. Hatch, A.J. Ghio, Effect of ozone on
diesel exhaust particle toxicity in rat lung, Toxicol. Appl. Pharmacol. 168 (2000)
140–148.

19] I.Y.R. Adamson, R. Vincent, S.G. Bjarnason, Cell injury and interstitial inflamma-
tion in rat lung after inhalation of ozone and urban particulates, Am. J. Respir.
Cell Mol. Biol. 20 (1999) 1067–1072.

20] R.M. Kafoury, J. Kelley, Ozone enhances diesel exhaust particles (DEP)-induced
interleukin-8 gene expression in human airway epithelial cells through acti-
vation of nuclear factors-kappaB (NF-kappaB) and IL-6 (NF-IL6), Int. J. Environ.
Res. Public Health 2 (2005) 403–410.

21] P.K. Mogili, P.D. Kleiber, M.A. Young, V.H. Grassian, Heterogeneous uptake of
ozone on reactive components of mineral dust aerosol: an environmental
aerosol reaction chamber study, J. Phys. Chem. 110 (2006) 13799–13807.

22] R.B. Lamorena, W. Lee, Influence of ozone concentrations and temperature on
ultra-fine particle and gaseous volatile organic compounds formations gener-
ated during the ozone-initiated reactions with emitted terpenes from a car air
freshener, J. Hazard. Mater. (2008) (Epub ahead of print).

23] M. Sánchez-Polo, U. von Gunten, J. Rivera-Utrilla, Efficiency of activated car-
bon to transform ozone into HO• radicals: influence of operational parameters,
Water Res. 39 (2005) 3189–3198.
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