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Abstract
Particulates are small particles of solid or liquid suspended in liquid or air. In vitro studies show that particles generate 
reactive oxygen species, deplete endogenous antioxidants, alter mitochondrial function and produce oxidative damage to 
lipids and DNA. Surface area, reactivity and chemical composition play important roles in the oxidative potential of par-
ticulates. Studies in animal models indicate that particles from combustion processes (generated by combustion of wood 
or diesel oil), silicate, titanium dioxide and nanoparticles (C60 fullerenes and carbon nanotubes) produce elevated levels 
of lipid peroxidation products and oxidatively damaged DNA. Biomonitoring studies in humans have shown associa-
tions between exposure to air pollution and wood smoke particulates and oxidative damage to DNA, deoxynucleotides 
and lipids measured in leukocytes, plasma, urine and/or exhaled breath. The results indicate that oxidative stress and 
elevated levels of oxidatively altered biomolecules are important intermediate endpoints that may be useful markers in 
hazard characterization of particulates. 

Keywords: Biomonitoring, DCFH, DNA damage, lipid peroxidation, nanoparticle, oxidative stress
Introduction

Particulates or particulate matter (PM) are small par-
ticles of solid or liquid suspended in liquid or air. 
Mainly insoluble particles are considered hazardous. 
Humans are generally exposed to particles by inhala-
tion of air and by ingestion, although absorption 
through the skin and parenteral exposure may also 
occur naturally or as part of medical therapy. Natural 
sources of particulates encompass ashes from volca-
noes, dust storms, forest and grassland fi res, living veg-
etation and sea spray. Human activities may increase 
the concentration of particulates in the air, such as 
cigarette smoke, the burning of fossil fuels in vehicles, 
power plants, wood stoves and industrial processes. 
New technologies such as production and use of 
engineered nanomaterials may also increase the level 
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of exposure. The gastrointestinal tract can be exposed 
to particulates that can be ingested as additives or 
contaminants of foods. In addition, the presence of 
particulates in the gastrointestinal tract is an inevitable 
consequence of the pulmonary clearance of inhaled 
particles because of the retrograde transport by the 
mucociliary escalator and subsequent swallowing of 
material. 

Historically, the health effects associated with expo-
sure to particulates have mainly been linked to the 
pulmonary route of exposure, especially occupational 
exposures such as coal miner’s pneumoconiosis and 
quartz associated silicosis and lung cancer [1]. How-
ever, the large air pollution exposure episodes in the 
20th century such as the Meuse Valley fog in 1930 and 
the London fog in 1952 brought attention to the 
orma Healthcare, Taylor & Francis AS)
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hazard of inhalable particulates in environmental set-
tings [2,3]. The most common exposure situation in 
large cities of the developed countries is characterized 
by low concentrations affecting large populations. 
Large-scale epidemiological studies from such loca-
tions have shown that exposure to urban air pollution 
is  associated with increased risk of cardiovascular and 
respiratory diseases, including lung cancer, bronchitis 
and asthma [4]. In addition, particulates that previ-
ously were considered to be inert particles, such as 
carbon black and titanium dioxide (TiO2), are now 
classifi ed as possible human carcinogens (group 2B) 
by the International Agency of Research on Cancer, 
which is partly based on mechanistic understanding of 
particle-elicited chronic infl ammation in tumourigen-
esis in rat inhalation studies [5–8]. Exposure to carbon 
nanotubes (CNT), used in nanotechnology, also seems 
to be associated with granulomas and neoplasia [9,10] 
and both exposure to C60 fullerenes and CNT is asso-
ciated with intermediate events in cardiovascular dis-
eases in 
animal experimental models [11,12].

Oxidative stress, defi ned as a situation of an imbal-
ance between production of reactive oxygen species 
(ROS) or reactive nitrogen species (RNS) and anti-
oxidant defenses, is considered to be an important 
mechanism of particle-induced health effects [13]. 
This is evidenced by reports from workshops devoted 
to the development of screening test systems based 
on biomarkers of oxidative stress, which are being 
considered used in the regulation of nanomaterials 
[14]. It is relatively easy to measure the production 
of ROS and RNS, as well as the concentration of free 
radical scavengers and antioxidant enzyme activity, in 
acellular conditions and cultured cells. Lipid peroxida-
tion products and oxidatively generated DNA lesions 
are often used as biomarkers of oxidative stress in 
humans and animal experimental models because 
it is diffi cult to measure the production of ROS or 
RNS in multicellular organisms. Investigations of oxi-
dative stress in humans mainly use surrogate tissue 
such as leukocytes, plasma and urine, which imply 
that PM or leaked constituents are translocated 
systemically or indirect effects caused by infl am-
matory mediators. Translocation across the air–
blood barrier is mainly a phenomenon observed for 
nanosized particles, which may be because of their 
distribution pattern in the lung, resistance to phago-
cytosis and small size enabling passage [15]. Studies 
of nanosized carbon black particles suggest that the 
translocation across the air–blood barrier occurs via a 
gap-fenestration pathway [16]. This observation is in 
keeping with that of a study on translocation of  TiO2 
nanoparticles, which showed that particles did not move 
between different pulmonary compartments with-
out restrain and part of the applied dose was located 
in the connective tissue and capillary lumen [17]. 
It has been shown that whole-body inhalation 
exposure to ultrafi ne carbon particles was associated 
with deposition in the liver, which was speculated to 
originate from gastrointestinal exposure and uptake 
from the gut [18]. The extent of gastrointestinal 
uptake of particles appears to be ~ 1% of the applied 
dose, based on studies of C60 fullerenes and polysty-
rene latex microspheres [19,20]. The uptake of poly-
styrene  microspheres appears to be predominantly by 
the villous route, whereas regions of Peyer’s patches 
are not hotspots of uptake [21]. Interestingly it has 
also been shown that large carbon black particles (� 
44 µm) were taken up in Peyer’s patches [22]. Prob-
ably less than 1% of particulates translocates from the 
alveoli to the circulation of humans [23–25]. This esti-
mate is in keeping with recent studies in rats exposed 
to iridium (20 nm or 80 nm) or composite carbon-
iridium nanoparticles (25 nm) showing a very small 
fraction of translocation, but the smallest particles did 
translocate slightly more than the larger particles [26]. 
However, very small particles such as 1.4 nm gold 
particles translocate systematically (8.5% of the 
instilled dose), indicating that substantial passage 
across the air–blood barrier is possible [27].

Here we describe the association between the expo-
sure to particles and oxidative stress with special focus 
on the relationship to cardiovascular effects and cancer. 
Figure 1 depicts the relationship between these events; 
some of the mechanisms of action have vicious circles. 
Particle-induced oxidative stress affects cell signalling 
described by Nel et al. [13] in three tiers with enhanced 
transcription of defence genes through the transcrip-
tion factor nrf2 at low levels of oxidative stress, activa-
tion of infl ammation signalling through NFκB at higher 
levels and activation of apoptotic pathways and necro-
sis at the highest level of oxidative stress. Alteration of 
the cell activation signalling is also considered to be an 
important feature of the carcinogenesis of particulates 
such as silica, carbon black and CNT [28,29]. We have 
structured the manuscript as a line of events from acel-
lular oxidation potential of particulates, cellular uptake, 
effects of particulates in cells including ROS genera-
tion, depletion of intracellular antioxidants and mito-
chondrial dysfunction, to effects observed in animals 
and humans. We focus on representative types of par-
ticulates, encompassing particles in ambient air (air 
pollution particles, diesel exhaust particles (DEP) and 
wood smoke particles), silicium-containing particles 
(quartz or silicon dioxide), reference materials (TiO2) 
and engineered carbon based nanomaterials (carbon 
black, CNT and C60 fullerenes). These are particulates 
that have been investigated in studies of acellular ROS 
generation and oxidation of biomolecules, intracellular 
generation of ROS and oxidatively damaged biomol-
ecules, as well as animal experimental models. The 
array of particles included in our survey provides the 
possibility to assess differences in ability to provoke 
oxidative stress, but it should be emphasized that the 
list of particles is not exhaustive. Especially, types of 
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asbestos fi bres have not been included in the assess-
ment, despite the fact that considerable knowledge 
about the fi bre toxicology, including oxidative stress 
and the concept of frustrated phagocytosis, has been 
obtained from studies of asbestos fi bres [28]. However, 
there are several types of asbestos fi bres and especially 
of crocidolite has been associated with toxicity. It is our 
impression that investigations have focused on this type 
of asbestos fi bre, which is a sound approach from a 
toxicological point of view, but it would possibly give 
rise to bias in the analysis.

Types of particulates

Particles can be classifi ed according to the chemical 
composition, size and shape. The commonly used size 
stratifi cation of airborne particulates encompasses par-
ticles with an aerodynamic diameter below 0.1 µm 
(ultrafi ne or nanoparticles), 2.5 µm (PM2.5), 10 µm 
(PM10) and total suspended particles (TSP). Usually, 
this is measured as mass of all particles below that size 
cut-off. Otherwise, the exposure can be assessed as the 
number concentration and size distribution of ultrafi ne 
particles. The same stratifi cation is commonly used for 
PM suspended in solution, although it can be trouble-
some to obtain suspensions of small size particles in 
solution without using detergents or chemical com-
pounds that may be harmful to living cells. Table I sum-
marizes descriptions of the types of particles that are 
discussed in this manuscript. These particulates differ 
in size and composition; consequently they are expected 
to cause different levels of oxidative damage to biomol-
ecules, cells and animals. Silica comprises a number of 
mineral particulates containing the element silicon, 
including quartz that is the most abundant type of crys-
talline silicon dioxide. TiO2 and carbon black have tra-
ditionally been considered as being particulates with low 
toxicity and have often been used as inert particles. Car-
bon black and TiO2 are almost pure preparations that 
can be obtained in different size modes, such as Printex 
90 with a primary diameter of 14 nm. In aerosol or fl uid 
particles agglomerate to form particles of larger size. The 
agglomeration increases with time and concentration of 
the primary particles. This has a strong importance for 
the toxicity of nanoparticles as shown by a study of 
freshly generated carbon nanoparticles (10–15 nm) that 
generated marked pulmonary infl ammation in mice, 
whereas aged (agglomerated) particles with a diameter 
of 150–250 nm was associated with markedly lower 
infl ammation following inhalation [30]. 

Particulates generated by combustion processes are 
often complex mixtures of organic compounds and met-
als adhering to a carbon core (Figure 1). This type of 
PM is composed of poorly soluble particles as well as 
soluble particulate material. Air pollution particles 
belong to the class of poorly soluble particles of low 
toxicity that also encompass carbon black and TiO2. The 
organic compounds include quinones, which may gener-
ate ROS by redox-cycling, volatile organic compounds 
Figure 1. Hypothetical pathway for particle-induced oxidative stress and death or hospitalization of cancer and cardiovascular diseases.
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(e.g. benzene) and polycyclic aromatic hydrocarbons 
(PAH). The size distribution of air pollution particles 
typically depends on the local immission sources, long-
range transport of particles and meteorological variables. 
Therefore, air pollution particles are best regarded as 
authentic particulates of obvious toxicological impor-
tance since they originate from the real world, but they 
are also unique because particulates sampled from one 
location may not be identical to samples from other loca-
tions or samples obtained on the same location at a 
different time of the year. In order to overcome this 
problem, particulates are available from different sources 
such as the National Institute of Standards and Technol-
ogy (Gaithersburg, MD) that provide well-characterized 
standard reference material (SRM) of both urban dust 
and diesel exhaust particles (DEP). The A-DEP prepa-
ration from Japan is another type of particulate that has 
been used extensively in particle toxicology. It appears 
that the majority of the studies on pulmonary infl am-
mation and allergic airway disease have used A-DEP, 
whereas studies on mutagenicity have been carried out 
on SRM1650 and SRM2975 preparations from the 
National Institute of Standards and Technology. Only 
recently there has been investigations comparing these 
reference materials in the same study showing that the 
A-DEP was more mutagenic on mass basis and resulted 
mainly in macrophage infl ux and activation, whereas 
SRM2975 enhanced polymorphnuclear cell infl amma-
tion [31,32].

With the emergence of nanotechnology, new types of 
particulates are manufactured with desirable properties 
such as high mechanical strength, unique drug deliver-
ing properties and resistance of biofi lms adhering to 
surfaces. C60 fullerenes and CNT belong to this class of 
engineered nanoparticles; the latter group encompasses 
single-walled carbon nanotubes (SWCNT) and multi-
walled carbon nanotubes (MWCNT). Although some 
of the exposure is delivered as agglomerates that are 
larger than 100 nm, they are referred to as nanoparticles 
due to the primary particle size.

Role of the surface reactivity for 
oxidative stress

The ratio between the surface area and mass is an 
important determinant for the toxicity of particles 
because chemical reactions and leakage of constituents 
occur from the surface of particles. The percentage of 
surface molecules increases exponentially when the 
particle diameter decreases in the nanosize range and 
at very small distances quantum phenomena can occur 
[33,34]. It is therefore the reactivity of the surface that 
may be the most important feature of particulates. The 
surface reactivity depends on the chemical composi-
tion, shape, size, solubility and surface area of particles 
[35,36]. However, it is most often the surface area that 
is reported in toxicological studies; this is probably 
because it is relatively easy to measure. 
The large surface area of small particles is an impor-
tant characteristic when determining biological effects 
for carbon black and TiO2 where the infl ammogenicity, 
depletion of glutathione and oxidative damage potential 
correlate remarkably well with the surface area [37–39]. 
The level of oxidatively damaged DNA, assessed as 
8-oxo-2’-deoxyguanosine (8-oxodG), in the lung follow-
ing inhalation also correlated well with primary particle 
surface area [40]. However, it should be emphasized that 
some endpoints of oxidative stress may not be closely 
linked with particle surface area. For instance, the heme 
oxygenase-1, which contains the antioxidant response 
element, is upregulated by oxidative stress. However, it 
has been shown that carbon blacks of different sizes 
induced similar levels of heme oxygenase-1 in cultured 
cells, although the oxidizing potential was directly pro-
portional to the surface area [41]. Possibly this is because 
heme oxygenase-1 is a stress response gene product. In 
addition, the particle surface area alone is not a suitable 
predictor of cellular toxicity to nanosize TiO2 particles of 
different crystal structure and silica where the surface 
properties appear important too [42–44].

The infl ammogenic potential and depletion of gluta-
thione by quartz also display linearity with respect to the 
size of the surface area, but the induction is much steeper 
than that observed for the low-toxicity particulates such 
as carbon black and TiO2 [38]. In fact, the tumour 
response in rats exposed to various particulates by pul-
monary route correlates very well with the administered 
surface area of a range of particulates such as carbon 
black and TiO2 but not for quartz. This is attributed to 
the higher surface reactivity of the latter [45,46]. Freshly 
fractured dusts of quartz have free silicon radicals or 
silicon oxide-centred radicals present on the surface that 
can react with molecular oxygen [47,48]. Traces of iron 
at the surface of quartz may also facilitate ROS genera-
tion [47]. The importance of the surface reactivity for 
the generation of oxidatively damaged DNA has been 
documented in studies showing that coating the surface 
of quartz with either polyvinylpyridine-N-oxide or alu-
minium lactate was associated with lower generation of 
strand breaks and 8-oxodG in cell cultures [49,50]. In 
rats exposed to quartz by intratracheal (i.t.) instillation, 
there was a lower level of strand breaks in epithelial cells 
isolated from animals exposed to surface coated quartz 
particles [51]. Similar results have been obtained with 
freshly generated ultrafi ne particles of elemental carbon, 
which had higher oxidative potential and resulted in 
higher levels of lipid peroxidation products in canine 
alveolar macrophages than aged particles that had been 
suspended in distilled water for 24 h [52].

Cellular uptake of particulates

Particles can cross cell membranes through a passive 
(diffusion) or active transport. Regardless of the type of 
transport, it has been argued that the physicochemical 
properties of particles (including chemical composition, 
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size, shape and agglomeration status), type of exposed 
cells (professional phagocytes vs non-professional phago-
cytes), serum components and surfactant are important 
characteristics describing the transmembrane passage of 
particles [53]. The active transport (endocytosis) of par-
ticles can occur by either phagocytosis or pinocytosis. 
The purpose of endocytosis is to internalize macromol-
ecules and particulates into transport vesicles derived 
from the plasma membrane. It is a cellular mechanism 
controlling entry of material into cells, which is tightly 
coordinated and coupled with the overall cell 
physiology [54]. It is especially neutrophils, mac-
rophages and dendritic cells that possess this type of 
phagocytic activity, encompassing receptor-mediated 
and actin-based uptake of insoluble material in the size 
range of 1–3 µm. On the other hand, pinocytosis is 
characterized by ingestion of fl uid and solutes via 
vesicles [54].

Oxidative stress studies on cultured cells exposed 
to particulates appear to use mainly immortalized 
immune cells (e.g. THP-1 and RAW264.7) or cell 
cultures originating from target tissue (e.g. A549 and 
BEAS-2B), whereas other types of cultured cells such 
as fi broblasts have been used less frequently. Espe-
cially the human A549 cell line, which is considered 
to represent type II lung cells of the pulmonary epi-
thelium, has been used in particle toxicology. This cell 
line has phagocytic activity toward ultrafi ne (50 nm) 
TiO2 particles, which appear to be internalized in 
cytosolic, membrane-bound vacuoles as aggregates 
and enmeshed lamellar bodies of particulates ~ 400 
nm in size, whereas no aggregates were detected in 
the nucleus [55]. Another study showed that A549 
cells had rapid, but similar, uptake of both fi ne (40–
300 nm) and ultrafi ne TiO2 particles 
(20–80 nm); the particles were predominantly located 
in membrane-bound vacuoles, whereas the nucleus, 
Golgi apparatus, rough endoplasmatic reticulum and 
mitochondria did not contain particles [56]. A study 
on luminescent silica nanoparticles concluded that 
particles were not present in the nucleus of A549 cells 
[57]. Using renal cell lines it was shown that TiO2 (15 
nm) and carbon black (13 nm) particles were located 
in cytoplasmatic vesicles of the cells [58]. Similar 
observations have been reported for SWCNT, which 
were not detected in the nucleus [59]. Investigations 
of air pollution particles have shown that ultrafi ne 
particles were located in mitochondria of RAW 264.7 
cells, whereas fi ne particles were present in large cyto-
plasmatic vacuoles [60]. It is striking that most stud-
ies did not fi nd particles in the nuclei. The nucleus is 
connected to the cytoplasm by the nuclear pore com-
plex, which provides a highly regulated way of trans-
port of biomolecules and only allows free diffusion of 
molecules that are less than 8 nm in diameter [61]. 
The observation of particle-devoid nuclei could be 
explained by the inability to detect small molecules 
due to low resolution in e.g. electron microscopy. 
However, an alternative interpretation could be that 
very few particles have a diameter less than 8 nm in 
biological fl uids and for this reason there are no par-
ticles reaching the nucleus after cellular uptake. This 
is clearly a puzzle that needs to be solved by further 
experiments, although it is possible that ultrafi ne par-
ticles cross cellular membranes by passive mecha-
nisms. It is worthwhile noting that results obtained 
from studies of cultured macrophages and inhalation 
experiments in animals have shown that ultrafi ne 
TiO2 particles crossed cellular membranes by non-
phagocytic mechanisms, whereas larger particles were 
phagocytosed [62]. 

Measurement of particle-induced ROS in 
acellular conditions and within cells

Analysis of the oxidation potential of particulates in 
acellular conditions is a fast and easy way of assessing 
oxidative stress, although it does not mimic the reduc-
ing environment in cells or extracellular fl uid. Table 
II outlines an overview of studies reporting ROS pro-
duction by particulates in acellular assays. The pre-
dominant assays have been electron spin resonance/
electron paramagnetic resonance (ESR) with spin 
traps such as 5,5-dimethylpyrroline-N-oxide (DMPO) 
and oxidation of 2’,7’-dichlorofl uorescin (DCFH), 
although other assays such as consumption of dithio-
threitol (DTT), dihydroethidium oxidation assay 
(DHE) and reduction of nitroblue tetrazolium (NBT) 
have been used as well. The DTT assay, based on the 
ability of redox active compounds to transfer elec-
trons from DTT to oxygen, is regarded to measure 
ROS generation by quinone catalysis [14]. The DCFH 
assay is one of the most used assays for detection of 
ROS; it is based on the principle that DCFH reacts 
with ROS and RNS and generates a fl uorescent prod-
uct (Figure 2). In cellular assays, the cells are loaded 
with the parent compound 2’,7’-dichlorofl uorescin 
diacetate (DCFH-DA), which is hydrolysed intracel-
lularly by endogenous esterases, whereas chemical 
deacetylation is required in acellular assays. The 
DCFH probe is regarded as a measurement of 
hydroxyl radicals, peroxynitrite, nitric oxide and more, 
whereas singlet oxygen, hydrogen peroxide and super-
oxide anions have limited capacity for oxidizing 
DCFH [63,64]. 

Oxidation potential of particulates in acellular 
condition

It has been shown that ultrafi ne carbon black particles 
generate ROS in a concentration-dependent manner 
[41,65–68], although one study using a single high 
concentration of Printex 90 (100 µg/ml) and ESR 
without spin trap did not show signs of ROS genera-
tion [52]. This suggests there were no carbon-centred 
radicals or that no electrons were moving freely within 
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the carbonaceous matrix. However, it should also be 
recognized that particulates display bell-shaped con-
centration–response relationships. In our hands, 
Printex 90 at a concentration above 100 µg/ml is asso-
ciated with lower oxidation of DCFH when compared 
to lower concentrations [66]. Mixed results have been 
obtained in studies on TiO2 showing either increased 
[69–71] or unaltered [56,72,73] ROS generation. 
Studies on silica particles have shown increased 
generation of ROS by DQ12 [49,50,74–76], Min-
U-Sil 5 [77,78] and other types of crystalline silica and 
quartz [48,79,80], whereas one study found that 
Cap-O-Sil M-5 quartz did not generate ROS [81]. 

Most of the studies on authentic air pollution parti-
cles have used collected particulates as PM2.5, coarse 
particles (fraction of particles between PM10 and PM2.5) 
or TSP. It should be emphasized that these size fractions 
of authentic air pollution particles have both different 
size distributions and chemical composition. These 
types of particulates contain ultrafi ne particles, but the 
mass of the sample is dominated by large particles. 
There appears to be no relationship between the par-
ticle size of large air pollution particles and ROS pro-
duction [82–85]; some studies show that coarse rather 
than fi ne particles had the highest ROS production 
[86,87]. However, a few studies have shown that ultra-
fi ne air pollution particles had higher DTT oxidation 
potential than the fi ne and coarse fraction of the same 
samples collected at the same location [60,88]. This 
indicates that the level of ROS production is determined 
by the chemical composition and large surface area of 
particles in the ultrafi ne range (less than 100 nm), 
whereas the chemical composition is more important 
than the surface area for large particles. In addition, air 
pollution particles collected at different locations or the 
same location at different times of the year have differ-
ent ROS generating ability [82,83,86,87,89]. This 
clearly highlights the complexity of comparing the haz-
ard of various authentic air pollution particles. The air 
pollution particles can generate high levels of ROS in 
the presence of H2O2 [82,85–87,89–91], but co-incu-
bation with H2O2 is not required for the ROS genera-
tion by air pollution particles, as evidenced by several 
studies showing increased levels of ROS in aqueous 
solutions in the absence of H2O2 [60,81,83,84,92–98]. 
The ROS generating ability of air pollution particulates 
can be reduced by coincubation with deferoxamine or 
catalase [83,90,93], suggesting that Fenton-type chem-
istry is important for the acellular ROS production of 
air pollution particles. This is supported by observations 
that iron is released from urban air PM10 samples [99]. 
Leakage of transition metals is probably also a major 
variable explaining the ROS generating ability of DEP. 
It has been shown that DEP preparations generate ROS 
in the presence [73,85,98,100] and absence of H2O2 
[68,73,83,97,101,102]. The generation of ROS by DEP 
does not appear to be mediated by carbon-centred 
radicals or single electrons moving freely within the car-
bonaceous matrix of the particulates [52]. However, 
wood smoke samples show signs of carbon-centred 
radicals and semiquinones as well as H2O2-dependent 
oxidation reactions suggesting Fenton-type of free 
radical oxidation reactions [85,98,103,104]. 

C60 fullerenes seem to provide a special case in 
studies assessing the ROS generating ability of 
particulates. C60 fullerenes are highly insoluble in 
aqueous solution and require vigorous mixing for an 
Figure 2. Oxidation of the 2’,7’-dichlorofl uorescin diacetate (DCFH-
DA) by particles. DCFH-DA (I) is either loaded to cells before 
treatment with particles or chemically deacetylated 2’,7’-dichloro-
fl uorescein (DCFH (II)) prior to acellular detection of ROS or RNS. 
The reaction with ROS or RNS yields the fl uorescent 2’,7’-
dichlorofl uorescein (DCF (IV)) via an intermediate radical (III).
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extended period before suspension of small particles 
is obtained. An alternative procedure is dissolution of 
C60 fullerenes in organic solvent with subsequent 
mixing in aqueous solution and evaporation of the 
organic solvent. Tetrahydrofuran has been used as an 
organic solvent in several studies, but there is evi-
dence that it is toxic to cells because of generation of 
reactive tetrahydrofuran-derived peroxides [105]. In 
addition, it has been shown that C60 fullerenes, ini-
tially suspended in tetrahydrofuran and then diluted 
in aqueous solution, generated higher levels of ROS 
as compared to C60 fullerenes suspended directly in 
aqueous solution [106]. It has been hypothesized that 
water molecules might quench C60 fullerenes gener-
ated singlet oxygen when the particles were directly 
dispersed in aqueous solution, whereas tetrahydro-
furan intercalates in the lattice structure of C60 fuller-
enes during the initial solubilization, which thus 
mitigates the quenching by water molecules [106]. 
Studies of C60 fullerenes in aqueous solution indicate 
a small ability to generate ROS [66,68,107,108]. 
However, it has also been shown that C60 fullerenes 
can oxidize the DCFH probe [109]. This implies that 
the detection of ROS might be regarded as a meth-
odological artifact rather than C60 fullerenes medi-
ated generation of ROS. In addition, C60 fullerenes 
generate singlet oxygen by photochemical reactions 
in organic solvents, but similar reactions have not 
been found in aqueous solution [110]. 

Studies on CNT have provided mixed results; it 
was shown that only samples of SWCNT with high 
content of iron gave rise to ESR signals [111]. Stud-
ies using the DCFH oxidation assay have shown 
concentration-dependent ROS generation by SWCNT 
with low content of iron [66,68]. MWCNT in aque-
ous suspension did not generate ROS or carbon-cen-
tred free radicals in the presence of H2O2; on the 
contrary MWCNT exhibited radical scavenging 
capacity toward hydroxyl radicals and superoxide 
anion radicals [78]. 

ROS can also be detected indirectly in acellular 
assays by the consumption of antioxidants, for instance 
by suspension of particles in synthetic lung lining 
fl uid. Thus, depletion of ascorbic acid and glutathione 
was differently affected by different preparations of 
carbon black, silicon dioxide and silica [112].

The generation of ROS is inevitably linked to 
increased risk of oxidative damage to biomolecules 
such as lipids and DNA. The lipid peroxidation prod-
ucts can be measured by a number of different assays 
such as thiobarbituric reactive substances (TBARS) 
and isoprostanes, whereas oxidized DNA base lesions 
include 8-oxo-7,8-dihydroguanine (8-oxoGua), 8-oxodG 
or lesions detected as formamidopyrimidine DNA 
glycosylase (FPG) or endonuclease III (ENDOIII) by 
e.g. the comet assay [63]. There are considerably fewer 
reports on the ability of particulates to oxidize DNA 
and lipids as compared to the studies on the ROS 
 production ability. These studies appear only to encom-
pass studies of air pollution particles, DEP and C60 
fullerenes (Table III). Air pollution particles possess 
the ability to oxidize DNA in acellular conditions [84–
87,90,113–115]. It has been reported that A-DEP and 
DEP collected from a light-duty engine generated 
8-oxodG [116,117] and that diesel soot oxidized 
 a-linolenic acid [118]. However, SRM1650 and 
SRM2975 did not generate 8-oxodG in calf thymus 
DNA in the presence or absence of H2O2 [113]. 
Mixing C60 fullerenes with liver microsomes was asso-
ciated with increased levels of TBARS [119]. In another 
study it was shown that C60 fullerenes in the presence 
of visible light generated 8-oxodG from dG [120]. 

Oxidation potential of particulates in 
cultured cells

The ROS generating ability of particulates in cultured 
cells have been reported in numerous publications 
(Table IV). The primary assays for these types of studies 
are oxidation of DCFH, DTT consumption, deoxyri-
bose assay and lucigenin chemiluminescence (superoxide 
production). Overall there is consistent data supporting 
intracellular ROS production by various particulates. All 
studies on C60 fullerenes [66,107,121,122] have reported 
increased intracellular ROS generation, although it 
should be emphasized that the intracellular ROS genera-
tion by C60 fullerenes is small. The majority of the stud-
ies on carbon black [58,65–67,123–131], air pollution 
particles [95,123,127,131–140], DEP [101,102,127, 
129–133,141–145] and CNT [59,66,111,124–126,
142,143,146–150] have shown positive associations 
between exposure and intracellular ROS generation, 
although a few studies have not shown increased intrac-
ellular ROS generation [123,129,143,150]. The studies 
on silica [51,77,80,124,125,136,151–155], TiO2 [56, 
58,71,122,138,142,143,149,156–160] and wood smoke 
particles [104,133,142] have yielded mixed results or no 
association between exposure and intracellular ROS pro-
duction. Unfortunately, it is not possible to compare the 
ROS production by the particles on surface area basis 
because only a small fraction of the studies have reported 
the dose in this unit, whereas a number of studies have 
used the mass as metric for the dose. Still, direct com-
parison between studies is also diffi cult on mass basis 
because the exposures are reported in different units, 
including the mass of particulates per volume of dispers-
ing solution (µg/ml), dish area (µg/cm2) or number of 
exposed cells (µg/106 cells). The dish area can be used as 
a proxy-measure of the cell number because most studies 
on adherent cell lines use cell density that is near confl u-
ence. Figure 3 depicts an analysis of the potency of the 
particulates to generate ROS in terms of DCFH oxida-
tion. We have calculated the increase in ROS produc-
tion by 10 µg particles per cell area (cm2) or number of 
cells (106 cells); these units are equivalent because they 
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relate the mass of particles to the amount of target mol-
ecules (assuming that cells have about the same volume 
and uptake of DCFDA). The concentration of particles 
in terms of mass per volume depends on the amount 
of liquid that the cells are exposed to; this is problem-
atic because particles sediment during culture and the 
adherent cells might be exposed to higher concentration 
than assumed by the concentration in the fl uid. As can 
be seen in Figure 3, expression of the ROS generating 
ability in terms of mass of particulates per surface area 
or number of cells indicates that the particulates have 
different potency. The particles differ considerably in 
potency, with carbon black being the most potent com-
pound. The DEP preparations (SRM1650, SRM2975, 
A-DEP and authentic DEP preparations) and air pollu-
tion particles (SRM1648, SRM1649 and authentic air 
pollution particles) also generate high levels of ROS. The 
other particles appear to be associated with lower DCFH 
oxidation potential.

The intracellular ROS production may occur 
directly on the surface of the particles, as suggested 
by studies on carbon black, SWCNT and C60 fuller-
enes showing that the dynamics of ROS production 
in cell-free environment is similar to that observed 
inside cells [66]. However, constituents in the cell 
culture media are important, as has been shown 
in experiments with carbon black dispersed in 
different media containing either bovine serum 
albumin or dipalmitoyl-phosphatidylcholine (lung 
 surfactant phospholipid) that gave different ROS pro-
duction between a cell-free system and cultured cells 
[67]. It is possible that different dispersion agents 
may alter surface reactivity and particle size distri-
bution, explaining differences in ROS production. In 
addition, it has been hypothesized that macrophages 
generate ROS primarily by activation of NADPH oxi-
dase, as documented in studies of carbon black where 
inhibition of NADPH oxidase activity abolished ROS 
production in alveolar macrophages [123].

Depletion of endogenous antioxidants by 
particulates

The level of endogenous free radical scavengers and 
antioxidant enzymes serve to counteract the detrimen-
tal effects of ROS. Depletion of ROS scavenging com-
pounds or reduced activity of antioxidant enzymes 
after acute exposure to particulates can be regarded 
as indices of oxidative stress. Glutathione (GSH) is 
oxidized to glutathione disulphide (GSSG). A reduced 
GSH/GSSG ratio or a reduced GSH/GSH ratio indi-
cates a depletion of GSH. A concentration-dependent 
decrease of the GSH/GSSG ratio has been observed 
in THP-1, BEAS-2B and RAW 264.7 cells exposed to 
A-DEP [145,161]. Similar results have been obtained 
in cell cultures exposed to Printex 90 where the intra-
cellular GSH concentration was decreased modestly 
in J774 murine macrophage cells [145,161] and more 
pronounced in A549 cells [162]. Concentration-de-
pendent depletion of GSH and vitamin E has also 
been observed in cells exposed to SWCNT containing 
~ 30% iron [111,147]. Studies on air pollution parti-
cles further indicate that the particle size fraction is 
important, since the GSH/GSSG ratio decreased in 
RAW 264.7 cells exposed to fi ne and ultrafi ne parti-
cles, whereas exposure to coarse particles did not alter 
the GSH/GSSG ratio [60]. Collectively these data 
indicate that particulates might generate oxidative 
stress by depletion of the endogenous free radical scav-
enging compounds in cultured cells.

Investigations of the effect of particulates on the 
antioxidant defense system in animals have pro-
vided more mixed results as compared to the effects 
observed in cultured cells. The complexity of the 
effect on antioxidant enzymes and endogenous anti-
oxidants can be exemplifi ed by studies on pulmonary 
exposure to combustion particles. It has been shown 
that pulmonary exposure to A-DEP was associated 
with reduced activity of glutathione peroxidase 
(GPx), superoxide dismutase (SOD) and glutathione 
reductase (GR) in mice 2 and 24 h after i.t. instilla tion 
[100]. These observations are supported by a study 
with a longer duration of pulmonary exposure to 
A-DEP by i.t. instillation (once a week for 10 weeks); 
the SOD activity was reduced in lung tissue of mice 
concomitantly with increased activity of  cytochrome 
P-450 reductase that may over-produce superoxide 
Figure 3. ROS production detected by the DCFH-DA probe in 
cultured cells exposed to silica (Sil), titanium dioxide (TiO2), carbon 
black (CB), air pollution particles (APP), wood smoke particles 
(WSP), diesel exhaust particles (DEP), C60 fullerenes (C60) or 
carbon nanotubes (CNT).The symbols indicate the ROS production 
per 10 μgparticles/cm2

dish (diamonds) or 10 μgparticles/106cells (circles) 
Original data have been collected from publications as follows: 
silica [124,136,152], TiO2 [58,138,149], carbon black [58,65–
67,123,124,126,128,129,131], air pollution particles [131,133–
136,138,284], wood smoke particles [133], DEP [102,129,131–
133,141], C60 fullerenes [66] and CNT [66,126,146,149]. The 
ROS production per cell area or number of cells has been calculated 
from linear regression analysis. High concentrations of PM, which 
have resulted in plateau or bell-shaped concentration-response 
curves, have been omitted from the analysis.
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anion radicals from quinone compounds [163]. 
However, the GSH/GSSG ratio in lung tissue in 
another study of A-DEP was unaltered, even though 
there was increased level of lipid peroxidation 
products in the lung [161]. In addition, it has been 
shown that i.t. instillation of SRM1650 was associated 
with increased levels of 8-oxodG in the lung tissue of 
guinea pigs, although the concentration of ascorbate and 
the activities of GPx and SOD were unaltered [164]. 
Inhalation of cold wood smoke resulted in higher GPx 
activity (24–48 h) and lower Mn-SOD (12 h) activity 
in the lung of rats, whereas the GR and CuZn-SOD 
activities remained unaltered [165]. In another study 
it was shown that the GSH/GSSG ratio decreased 
concentration-dependently in the lung of sheep after 
inhalation of cold wood smoke [166]. The chemical 
profi le of particles generated from different combus-
tion processes may differ and the effect of such com-
plex mixtures could be diffi cult to predict based alone 
on the type of particulates. 

The results obtained from studies on nanomaterials 
in animal experimental models suggest the same kind 
of complexity as observed in studies of combustion 
particles. For instance, inhalation of SWCNT on 4 
consecutive days did not alter the GSH level in the 
lung of mice, whereas there was an infl ammatory 
response and increased lipid peroxidation in terms of 
malondialdehyde (MDA) content [167]. However, 
during the following 28 days there was accumulation 
of MDA, decreased level of infl ammation, depletion of 
GSH and clear histopathological changes culminating 
in the development of multifocal granulomatous lesions 
and interstitial fi brosis [167]. The pulmonary lipid per-
oxidation was explained by a two-phase model where 
the early increase in lipid peroxidation arose from 
infl ammation-generated oxidative stress, whereas tis-
sue injury contributed to lipid peroxidation in the late 
phase. It should also be emphasized that some types of 
nanomaterials may act as radical scavengers in vivo. 
This has been observed in a study on intraperitoneal 
injection of C60 fullerenes that did not affect the GSH 
status, whereas it inhibited CCl4-induced oxidation of 
GSH in the liver [168]. 

Collectively, the data from animal experimental 
models indicate that depletion of the antioxidant sys-
tem is not a pre-requisite for the generation of oxida-
tively damaged DNA and lipids. The oxidative stress 
may be explained by a sequence of events such as (1) 
depletion of endogenous antioxidants by excessive 
particle-generated ROS and oxidation of biomolecules 
or (2) depletion of the endogenous antioxidant system 
and oxidation of cellular biomolecules as independent 
events of particle-generated ROS. However, it should 
also be emphasized that studies of animal experimental 
models usually employ relatively long exposure periods 
and lower doses as compared to cultured cells, which 
are not well-suited for the study of endogenous anti-
oxidant depletion and decreased levels of antioxidant 
enzymes. Additionally, it is likely that prolonged expo-
sure to particulates is associated with increased activity 
of the antioxidant defense system.

The role of the organic fraction 
of particulates

Particles generated by combustion processes, such as air 
pollution particles, wood smoke particles and DEP con-
tain organic compounds such as quinones and PAH, 
including nitro-derivatives of PAH, oxygenated PAH and 
halogenated aromatic hydrocarbons [169,170]. These 
substances can be extracted in organic solvents (referred 
to as organic extracts of particles). The organic extracts 
have considerable effect, as shown by studies of dichlo-
romethane-based organic extract of SRM1650 that gen-
erated the same level of intracellular ROS as the native 
particulate did [129,141]. Methanol extracts of wood 
smoke particles generated higher levels of FPG sites in 
THP-1 and A549 cells as compared to cultures exposed 
to native particles [171]. In RAW264.7 cells, organic 
extract of fi ne air pollution particles, which had a high 
content of organic compounds, was associated with a 
larger induction of heme oxygenase-1 than extracts of 
other size modes of air pollution particles [172]. 
RAW264.7 cell cultures exposed to extracts of A-DEP 
also showed evidence of ROS generation, which was 
inhibited by concomitant treatment with the free radical 
scavenger N-acetyl-cysteine [173]. Despite these obser-
vations, it should be noted that stimulation of infl amma-
tory cells may alter the response to organic extracts of 
particulates. It has been shown that organic extract of 
DEP (SRM1975) generated ROS in neutrophils and 
macrophages, whereas the same preparation decreased 
the ROS production by neutrophils and macrophages 
that had been stimulated by treatment with phorbol-12, 
13-myristate acetate [174]. 

The extractable organic compounds usually contain 
quinone substances that generate superoxide anion radi-
cals via redox cycling processes [175]. Some types of PAH 
(e.g. b-naphthofl avone) have been shown to generate oxi-
dative stress and induce antioxidant response element 
reporter gene activity [176]. The PAH compounds may 
also undergo biotransformation to quinone compounds 
[177]. Figure 4 depicts the transformation of benzo[a]
pyrene to quinone species by two different mechanisms. 
The fi rst pathway involves oxidation of benzo[a]pyrene 
by peroxidase activity of cytochrome P450, whereas the 
second reaction occurs by pathways involving aldo-keto 
reductase activity leading to a pro-oxidant cellular state 
with elevated ROS generation, GSH depletion and oxida-
tively generated DNA lesions [177,178]. The association 
between exposure to benzo[a]pyrene and oxidative stress 
is supported by studies in animal experimental models. 
Oral exposure of benzo[a]pyrene induced a complex array 
of genotoxic effects where a high dose increased the level of 
8-oxodG in the liver [179], whereas a lower dose decreased 
the level of 8-oxodG in the lung and liver but increased 
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the urinary excretion of 8-oxodG [177]. It is possible that 
these observations can be explained by different metabolic 
routes associated with marked difference in exposure, 
although it should also be noted that the high levels of 
8-oxodG in control animals, suggesting spurious oxida-
tion, might hamper the interpretation of the results. How-
ever, supporting evidence of the in vivo pro-oxidant effect 
of benzo[a] pyrene comes from a study showing increased 
levels of lipid peroxidation-induced etheno-DNA adducts 
in aorta tissue of  dyslipidemic apoE- deficient mice receiving 
a single oral dose of benzo[a]pyrene [180].

Collectively, there is evidence that extractable 
organic compounds can be important contributors to 
ROS generation and oxidative damage in cultured 
cells and animal experimental models, but it must be 
expected that the effect depends on the cell type and 
bioavailability of the adhered organic compounds.

The role of mitochondrial dysfunction

Damage to mitochondria is considered to be a key event 
in the particle-induced cytotoxicity which may lead to 
generation of ROS, especially superoxide radical anions. 
At suffi ciently high doses it is also possible that particu-
lates elicit apoptosis. Using authentic air pollution par-
ticles it has been shown that the ultrafi ne fraction induced 
structural mitochondrial damage in RAW 264.7 and 
BEAS-2B cells, whereas the mitochondrial architecture 
remained intact by exposure to coarse particles [60]. It 
has also been shown that methanol-extracts of DEP pro-
moted swelling of mitochondria in RAW264.7 cells; the 
quinone-enriched polar fraction rather than the PAH-
enriched aromatic fraction mediated this effect by open-
ing permeability transition pores and depolarization of 
the mitochondrial membrane potential [181]. Various 
particulates collected from ambient street air, wood 
burning and diesel exhaust (DE) also increases the mito-
chondrial depolarization in A549 cells [133,135]. The 
mitochondrial dysfunction might arise as a consequence 
of direct interference of particles with mitochondrial 
enzymes or it might be caused by cytosolic ROS gen-
eration. Support of the latter hypothesis comes from a 
study in A549 cells exposed to air pollution particles; the 
mitochondrial dysfunction could be attenuated by addi-
tion of free radical scavenger (sodium benzoate) or the 
iron chelator deferoxamine [182]. In this regard it should 
be emphasized that the mitochondrial dysfunction, espe-
cially a hampered function of the electron transport 
chain, may be associated with increased generation of 
ROS. This may provoke the onset of a vicious circle acti-
vating pro-infl ammatory cascades. Another pathway 
leading to mitochondrial dysfunction has been suggested 
by results from a mouse alveolar macrophage cell line 
that had increased lysosomal permeability, unaltered 
intracellular ROS generation and mitochondrial depo-
larization after exposure to quartz [152]. Studies on 
TiO2 particles have shown unaltered mitochondrial 
membrane potential in A549 cells, but it should be 
emphasized that the size of TiO2 particles was not 
reported and it might have been pigment grade prepara-
tions rather than nanosized particles [183,184]. In addi-
tion, C60 fullerenes did not alter the mitochondrial 
activity in HepG2 cells, whereas there was evidence of 
lipid peroxidation (TBA RS) that could be prevented by 
concomitant exposure to ascorbic acid [185]. 

Oxidative damage to biomolecules by exposure 
to particulates in cell culture systems

Table V summarizes studies that have investigated the 
ability of particulates to oxidatively damage lipids and 
DNA in cultured cells. There is similar distribution 
between statistically signifi cant results and null effects 
between publications on oxidized DNA and lipids 
(the positive and negative results were 18/6 and 18/2 
for the effects of oxidized DNA and lipid products, 
respectively, c2 � 1.65, p � 0.20). We can therefore 
consider these endpoints as equivalent for the pur-
pose of overall analysis, although it should be empha-
sized that the simple TBARS assay is not an optimal 
Figure 4. Conversion of benzo[a]pyrene (I) to quinone species via 
cytochrome P450 peroxidase activity benzo[a]pyrene-diones (II and 
III) that can generate ROS by redox-cycling. Benzo[a]pyrene can also 
be biotransformed to nenzo[a]pyrene-7,8-trans-dihydrodiol (IV) that 
can be further metabolized to catechol (V) that are capable of redox-
cycling to semiquinone anion radicals (VI) and benzo[a]pyrene-7,8-
dione (VII). The fi gure has been adapted from references [177,178].



22 P. Møller et al.

T
ab

le
 V

. 
In

 v
itr

o 
ce

llu
la

r 
ex

po
su

re
 a

nd
 o

xi
da

ti
ve

ly
 d

am
ag

ed
 D

N
A

 a
nd

 l
ip

id
s.

P
ar

ti
cu

la
te

C
el

l
D

ur
at

io
n

C
on

ce
nt

ra
ti

on
E

nd
po

in
t 

E
ff

ec
t

R
ef

er
en

ce

S
ili

ca S
iO

2 
(1

2.
3 

nm
)

P
ri

m
ar

y 
m

ou
se

 e
m

br
yo

 
fi b

ro
bl

as
ts

24
 h

5–
10

0 
µg

/m
l

M
D

A
 (

ki
t)

C
on

ce
nt

ra
ti

on
-d

ep
en

de
nt

 i
nc

re
as

ed
 l

ip
id

 
pe

ro
xi

da
ti

on
 (

m
ax

:1
.9

-f
ol

d)
[1

25
]

D
Q

12
R

at
 l

un
g 

ep
it

he
lia

l 
ty

pe
 I

I 
ce

lls
 (

R
L

E
)

4 
h

10
0 

μg
/c

m
2  

8-
ox

od
G

 (
im

m
un

oa
ss

ay
)

In
cr

ea
se

d 
im

m
un

os
ta

in
in

g 
in

 D
Q

12
 e

xp
os

ed
 

ce
lls

[1
88

]

D
Q

12
R

at
 l

un
g 

ep
th

el
ia

l 
ty

pe
 I

I 
ce

lls
 (

R
L

E
)

4 
h

80
 μ

g/
cm

2  
8-

ox
od

G
 (

im
m

un
oa

ss
ay

)
In

cr
ea

se
d 

im
m

un
os

ta
in

in
g 

in
 D

Q
12

 e
xp

os
ed

 
ce

lls
 (

2.
1-

fo
ld

)
[5

0]

D
Q

12
A

54
9

4 
h

80
 μ

g/
cm

2  
8-

ox
od

G
 (

im
m

un
oa

ss
ay

)
In

cr
ea

se
d 

im
m

un
os

ta
in

in
g 

in
 D

Q
12

 e
xp

os
ed

 
ce

lls
 (

3.
5-

fo
ld

)
[4

9]

S
ili

ca
 n

an
op

ar
ti

cl
es

A
54

9
72

 h
≤ 

50
 μ

g/
cm

2
8-

ox
od

G
 (

an
ti

bo
dy

-b
as

ed
 w

es
te

rn
 

bl
ot

)
U

na
lt

er
ed

 8
-o

xo
dG

 
[5

7]

S
R

M
18

78
a

F
E

1 
M

M
L

3 
h

15
 μ

g/
cm

2
F

P
G

 s
it

es
 (

co
m

et
 a

ss
ay

)
S

ta
ti

st
ic

al
ly

 n
on

-s
ig

ni
fi c

an
t 

in
cr

ea
se

 (
1.

86
-

fo
ld

)
[1

89
]

S
R

M
18

78
a

A
54

9 
2–

4 
h

25
, 

50
, 

10
0 

μg
/m

l
F

P
G

 s
it

es
 (

co
m

et
 a

ss
ay

)
In

cr
ea

se
d 

le
ve

l 
of

 F
P

G
 s

it
es

 
[1

87
]

M
in

-U
-S

il 
5

R
A

W
 2

46
.7

24
 h

15
–1

20
 μ

g/
m

l
8-

is
op

ro
st

an
es

 (
im

m
un

oa
ss

ay
)

C
on

ce
nt

ra
ti

on
-d

ep
en

de
nt

 i
nc

re
as

e 
(1

0–
33

-
fo

ld
)

[1
86

]

M
in

-U
-S

il 
5

R
A

W
 2

46
.7

1 
h

10
0 

μg
/m

l
B

O
D

IP
Y

 5
81

/5
91

In
cr

ea
se

d 
le

ve
l 

of
 l

ip
id

 p
er

ox
id

at
io

n 
(1

8-
fo

ld
)

[1
53

]
T

ita
ni

um
 d

io
xi

de
A

na
ta

se
 a

nd
 r

ut
ile

B
E

A
S

-2
B

1 
h

10
 μ

g/
m

l
F

P
G

 s
it

es
 (

co
m

et
 a

ss
ay

) 
an

d 
T

B
A

R
S

 
(s

pe
ct

ro
ph

ot
om

et
ri

c 
as

sa
y)

In
cr

ea
se

d 
F

P
G

 s
it

es
 a

nd
 l

ip
id

 p
er

ox
id

at
io

n 
pr

od
uc

ts
[1

93
]

A
na

ta
se

 (
25

%
) 

an
d 

ru
ti

le
 (

75
%

) 
w

it
h 

24
.4

 
nm

 (
m

ea
n)

 

R
T

G
-2

24
 h

5 
an

d 
50

 μ
g/

m
l

F
P

G
 s

it
es

 (
co

m
et

 a
ss

ay
)

U
na

lt
er

ed
 F

P
G

 s
it

es
 b

y 
5 

μg
/m

l 
(1

.1
3-

fo
ld

) 
an

d 
50

 μ
g/

m
l 

(0
.9

3-
fo

ld
)

[1
92

]

U
lt

ra
fi n

e 
(6

3 
nm

)
A

54
9

4 
h

20
 a

nd
 4

0 
μg

/c
m

2
F

P
G

 s
it

es
 (

co
m

et
 a

ss
ay

)
S

ta
ti

st
ic

al
ly

 n
on

-s
ig

ni
fi c

an
tl

y 
un

al
te

re
d 

F
P

G
 

si
te

s 
at

 2
0 

μg
/c

m
2  

(1
.3

-f
ol

d)
 a

nd
 4

0 
μg

/c
m

2 

(2
.0

-f
ol

d)

[1
49

] 

A
na

ta
se

 (
45

0 
nm

)
H

um
an

 s
ki

n 
fi b

ro
bl

as
ts

18
 h

10
 μ

g/
cm

2
8-

ox
od

G
 (

H
P

L
C

-E
C

D
)

U
na

lt
er

ed
 8

-o
xo

dG
 (

hi
gh

 b
as

el
in

e 
le

ve
l 

of
 

D
N

A
 d

am
ag

e 
an

d 
de

te
ct

io
n 

lim
it

 o
f 

9.
5 

le
si

on
s/

10
6  

dG

[7
2]

A
na

ta
se

 (
30

-5
0 

nm
; 

20
-1

20
 m

2 /
g)

C
hi

ne
se

 h
am

st
er

 o
va

ry
 

V
79

24
–7

2 
h

1–
10

 μ
g/

cm
2

T
B

A
R

S
 (

sp
ec

tr
op

ho
to

m
et

ri
c 

as
sa

y)
L

ip
id

 p
er

ox
id

at
io

n 
re

po
rt

ed
 t

o 
be

 i
nc

re
as

ed
 

al
th

ou
gh

 t
he

 d
at

a 
pr

es
en

te
d 

do
 n

ot
 s

up
po

rt
 

th
e 

co
nc

lu
si

on
 

[6
9]

C
ar

bo
n 

bl
ac

k
P

ri
nt

ex
 9

0
A

54
9

3 
h

11
.3

 μ
g/

cm
2

F
P

G
 s

it
es

 (
co

m
et

 a
ss

ay
)

In
cr

ea
se

d 
le

ve
l 

of
 F

P
G

 s
it

es
 (

2.
2-

fo
ld

)
[1

89
]

P
ri

nt
ex

 9
0 

(3
00

 m
2 /

g)
, 

P
ri

nt
ex

 G
 (

30
 m

2 /
g)

 
A

lv
eo

la
r 

m
ac

ro
ph

ag
es

1 
h

3.
2–

10
0 

μg
/1

06  
ce

lls
/m

l 
8-

is
op

ro
st

an
es

U
na

lt
er

ed
 l

ev
el

 o
f 

lip
id

 p
er

ox
id

at
io

n
[5

2]

C
ar

bo
n 

bl
ac

k 
(1

2.
3 

nm
)

P
ri

m
ar

y 
m

ou
se

 e
m

br
yo

 
fi b

ro
bl

as
ts

24
 h

5–
10

0 
μg

/m
l

M
D

A
 (

ki
t)

C
on

ce
nt

ra
ti

on
-d

ep
en

de
nt

 i
nc

re
as

ed
 l

ip
id

 
pe

ro
xi

da
ti

on
 (

m
ax

:2
.3

-f
ol

d)
[1

25
]

A
ir

 p
ol

lu
tio

n 
pa

rt
ic

le
s

U
rb

an
 s

tr
ee

t 
(T

S
P

),
 

C
op

en
ha

ge
n,

 D
en

m
ar

k
A

54
9

24
 h

2.
5–

10
0 

μg
/m

l
F

P
G

 s
it

es
 (

co
m

et
 a

ss
ay

)
C

on
ce

nt
ra

ti
on

-d
ep

en
de

nt
 i

nc
re

as
e 

(m
ax

: 
2.

3-
fo

ld
)

[1
13

]

C
oa

rs
e 

an
d 

fi n
e,

 
D

üs
se

ld
or

f,
 G

er
m

an
y

A
54

9
2 

h
50

 μ
g/

m
l

8-
ox

od
G

 (
an

ti
bo

dy
-b

as
ed

 d
et

ec
ti

on
)

C
oa

rs
e 

an
d 

fi n
e 

P
M

 g
en

er
at

e 
si

m
ila

r 
ex

te
nt

 o
f 

8-
ox

od
G

[8
6]

U
rb

an
 s

tr
ee

t 
(P

M
10

),
 

S
to

ck
ho

lm
, 

S
w

ed
en

A
54

9
4 

h
10

 µ
g/

cm
2

8-
ox

od
G

 (
H

P
L

C
-E

C
D

)
U

na
lt

er
ed

 (
8-

ox
od

G
 i

nc
re

as
ed

 b
y 

P
M

 
co

lle
ct

ed
 f

ro
m

 s
ub

w
ay

)
[1

15
]

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

Sa
sk

at
ch

ew
an

 o
n 

12
/0

4/
11

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



 Oxidative damage in toxicity of particulates 23

U
rb

an
 s

tr
ee

t 
(P

M
10

),
 

S
to

ck
ho

lm
, 

S
w

ed
en

)
R

A
W

 2
64

.7
18

 h
10

0 
μg

/m
l

T
B

A
R

S
In

cr
ea

se
d 

le
ve

l 
of

 l
ip

id
 p

eo
xi

da
ti

on
 p

ro
du

ct
s 

(5
.7

-f
ol

d)
[9

3]

D
un

ke
rq

ue
, 

F
ra

nc
e

H
um

an
 l

un
g 

em
br

yo
 

ti
ss

ue
 c

el
ls

 (
L

13
2)

24
, 

48
, 

72
 h

19
 a

nd
 7

5 
μg

/m
l

M
D

A
 (

H
P

L
C

) 
an

d 
8-

ox
od

G
 

(a
nt

ib
od

y-
ba

se
d)

C
on

ce
nt

ra
ti

on
- 

an
d 

ti
m

e-
de

pe
nd

en
t 

in
cr

ea
se

 
of

 8
-o

xo
dG

 (
m

ax
: 

28
-f

ol
d)

. 
O

nl
y 

in
cr

ea
se

d 
M

D
A

 a
t 

th
e 

hi
gh

es
t 

co
nc

en
tr

at
io

n 
af

te
r 

72
 h

 
(1

2-
fo

ld
),

 w
hi

ch
 w

as
 a

ss
oc

ia
te

d 
w

it
h 

si
gn

ifi 
ca

nt
 t

ox
ic

it
y

[1
90

]

T
un

ne
l 

st
re

et
, 

O
sl

o,
 

N
or

w
ay

A
54

9 
an

d 
T

H
P

-1
3 

h
2.

5–
20

0 
μg

/m
l

F
P

G
 s

it
es

 (
co

m
et

 a
ss

ay
)

In
cr

ea
se

d 
F

P
G

 s
it

es
 i

n 
A

54
9 

an
d 

T
H

P
-1

 c
el

ls
[1

71
]

A
m

bi
en

t 
pa

rt
ic

le
s 

(T
ai

w
an

)
B

E
A

S
-2

B
8 

h
10

0 
μg

/m
l

L
ip

id
 p

er
ox

id
at

io
n 

pr
od

uc
ts

 (
ki

t)
P

M
1.

0 
si

gn
ifi 

ca
nt

ly
 i

nc
re

as
ed

 (
2.

3-
fo

ld
),

 
w

he
re

as
 l

ar
ge

r 
pa

rt
ic

le
s 

ge
ne

ra
te

d 
le

ss
 l

ip
id

 
pe

ro
xi

da
ti

on
 p

ro
du

ct
s

[1
91

]

U
rb

an
 a

ir
 d

us
t,

 
D

us
se

nd
or

f,
 G

er
m

an
y 

an
d 

S
R

M
16

49

B
E

A
S

-2
B

2 
h

40
0 

m
g/

m
l

8-
ox

od
G

 (
H

P
L

C
-E

C
D

)
In

cr
ea

se
d 

8-
ox

od
G

 b
y 

ur
ba

n 
du

st
 (

2.
4-

fo
ld

) 
an

d 
S

R
M

16
49

 (
2.

7-
fo

ld
)

[1
14

]

W
oo

d 
sm

ok
e 

pa
rt

ic
le

s
W

oo
d 

sm
ok

e 
pa

rt
ic

le
s

R
A

W
 2

64
.7

1 
h

N
ot

 r
ep

or
te

d
T

B
A

R
S

 (
sp

ec
tr

op
ho

to
m

et
ri

c 
as

sa
y)

In
cr

ea
se

d 
lip

id
 p

er
ox

id
at

io
n 

(m
ax

: 
2.

9-
fo

ld
)

[1
03

]
W

oo
d 

sm
ok

e 
pa

rt
ic

le
s

R
A

W
 2

64
.7

1 
h

10
0 

μg
/m

l
L

ip
id

 p
er

ox
id

at
io

n 
(k

it
)

P
ar

ti
cl

e-
si

ze
 d

ep
en

de
nt

 i
nc

re
as

e 
in

 l
ip

id
 

pe
ro

xi
da

ti
on

; 
co

ar
se

 (
4.

3–
24

 μ
m

; 
1.

2-
fo

ld
),

 
fi n

e 
(0

.4
2–

2.
4 

μm
; 

1.
4-

fo
ld

, 
ul

tr
afi

 n
e 

(0
.0

42
–0

.2
4 

μm
; 

1.
6-

fo
ld

)

[1
04

]

W
oo

d 
sm

ok
e 

pa
rt

ic
le

s
A

54
9 

an
d 

T
H

P
-1

3 
h

2.
5–

20
0 

μg
/m

l
F

P
G

 s
it

es
 (

co
m

et
 a

ss
ay

)
In

cr
ea

se
d 

F
P

G
 s

it
es

 i
n 

A
54

9 
an

d 
T

H
P

-1
 

ce
lls

[1
71

]

D
ie

se
l e

xh
au

st
 p

ar
tic

le
s

S
R

M
16

50
, 

S
R

M
29

75
A

54
9

3,
 2

4 
an

d 
48

 h
2.

5–
25

0 
μg

/m
l

F
P

G
 s

it
es

 (
co

m
et

 a
ss

ay
)

C
on

ce
nt

ra
ti

on
-d

ep
en

de
nt

 i
nc

re
as

e 
by

 
S

R
M

16
50

 (
m

ax
: 

4-
fo

ld
) 

an
d 

S
R

M
29

75
 

(m
ax

: 
3-

fo
ld

)

[1
13

]

S
R

M
16

50
a

A
lv

eo
la

r 
m

ac
ro

ph
ag

es
1 

h
3.

2–
32

 μ
g/

10
6  

ce
lls

/m
l

8-
is

op
ro

st
an

es
U

na
lt

er
ed

 l
ev

el
 o

f 
lip

id
 p

er
ox

id
at

io
n 

[5
2]

S
R

M
29

75
A

54
9 

or
 T

H
P

-1
3 

h
2.

5–
20

0 
μg

/m
l

F
P

G
 s

it
es

 (
co

m
et

 a
ss

ay
)

C
on

ce
nt

ra
ti

on
-d

ep
en

de
nt

 i
nc

re
as

e 
in

 A
54

9 
ce

lls
 (

m
ax

 1
7-

fo
ld

),
 w

he
re

as
 t

he
 l

ev
el

 o
f 

F
P

G
 s

it
es

 w
as

 i
nc

re
as

ed
 a

t 
th

e 
tw

o 
lo

w
es

t 
co

nc
en

tr
at

io
ns

 i
n 

T
H

P
-1

 c
el

ls
 (

1.
8-

fo
ld

)

[1
71

]

A
-D

E
P

R
A

W
 2

64
.7

5 
h

50
 μ

g/
m

l
L

ip
id

 h
yd

ro
pe

ro
xi

de
s 

(s
pe

ct
ro

ph
ot

om
et

ry
)

In
cr

ea
se

d 
lip

id
 p

er
ox

id
at

io
n 

(1
.8

-f
ol

d)
[1

61
]

E
ng

in
ee

re
d 

na
no

m
at

er
ia

ls
C

60
 f

ul
le

re
ne

s
F

E
1-

M
M

L
 c

el
ls

3 
h

10
0 

μg
/m

l
F

P
G

 s
it

es
 (

co
m

et
 a

ss
ay

)
In

cr
ea

se
d 

D
N

A
 d

am
ag

e 
(1

.2
-f

ol
d)

[6
6]

C
60

 f
ul

le
re

ne
s

R
at

 g
lio

m
a 

ce
ll 

lin
e 

C
6

3 
h

1 
µg

/m
l

T
B

A
R

S
 (

co
lo

ri
m

et
ri

c 
as

sa
y)

In
cr

ea
se

d 
lip

id
 p

er
ox

id
es

 (
2.

9-
fo

ld
)

[1
21

]
C

60
 f

ul
le

re
ne

s
R

at
 g

lio
m

a 
ce

ll 
lin

e 
C

6
3 

h
1 

µg
/m

l
T

B
A

R
S

 (
co

lo
ri

m
et

ri
c 

as
sa

y)
In

cr
ea

se
d 

lip
id

 p
er

ox
id

es
 (

2.
9-

fo
ld

)
[1

07
]

C
60

 f
ul

le
re

ne
s 

(i
n 

T
H

F
) 

H
ep

G
2,

 n
eu

ro
na

l 
hu

m
an

 a
st

ro
cy

te
s 

an
d 

hu
m

an
 d

er
m

al
 

fi b
ro

bl
as

ts

48
 h

0.
24

–2
40

0 
pp

b
T

B
A

R
S

In
cr

ea
se

d 
in

 H
ep

G
2 

(m
ax

: 
3.

1-
fo

ld
),

 
ne

ur
on

al
 h

um
an

 a
st

ro
cy

te
s 

(m
ax

: 
4.

8-
fo

ld
),

 
hu

m
an

 d
er

m
al

 fi
 b

ro
bl

as
ts

 (
m

ax
: 

5.
4-

fo
ld

)

[1
85

]

(C
on

tin
ue

d)

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

Sa
sk

at
ch

ew
an

 o
n 

12
/0

4/
11

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



24 P. Møller et al.

S
W

C
N

T
F

E
1-

M
M

L
 c

el
ls

3 
h

10
0 

μg
/m

l
F

P
G

 s
it

es
 (

co
m

et
 a

ss
ay

)
In

cr
ea

se
d 

D
N

A
 d

am
ag

e 
(1

.6
-f

ol
d)

[6
6]

S
W

C
N

T
 

(3
0%

 i
ro

n)
H

aC
aT

 c
el

ls
18

 h
≤ 

24
0 

μg
/m

l
T

B
A

R
S

 (
sp

ec
tr

op
ho

to
m

et
ry

)
C

on
ce

nt
ra

ti
on

-d
ep

en
de

nt
 i

nc
re

as
e 

(m
ax

: 
1.

48
-f

ol
d)

[1
47

]

S
W

C
N

T
 (

26
%

 o
r 

0.
23

%
 i

ro
n)

R
A

W
26

4.
7 

(s
ti

m
ul

at
ed

)
30

–1
20

  
m

in
12

5 
μg

/m
l

L
ip

id
 h

yd
ro

pe
ro

xi
de

s
H

ig
he

r 
le

ve
l 

of
 l

ip
id

 p
er

ox
id

at
io

n 
in

 t
he

 
ir

on
-r

ic
h 

S
W

C
N

T
 (

3.
5-

fo
ld

) 
th

an
 t

he
 

pu
ri

fi e
d 

S
W

C
N

T
 (

2.
0-

fo
ld

)

[1
11

]

S
W

C
N

T
P

ri
m

ar
y 

m
ou

se
 e

m
br

yo
 

fi b
ro

bl
as

ts
24

 h
5–

10
0 

μg
/m

l
M

D
A

C
on

ce
nt

ra
ti

on
-d

ep
en

de
nt

 i
nc

re
as

ed
 l

ip
id

 
pe

ro
xi

da
ti

on
 (

m
ax

: 
1.

9-
fo

ld
)

[1
25

]

M
W

C
N

T
A

54
9

4 
h

20
 a

nd
 4

0 
μg

/c
m

2
F

P
G

 s
it

es
 (

co
m

et
 a

ss
ay

)
U

na
lt

er
ed

 a
ft

er
 b

ot
h 

20
 μ

g/
cm

2 
(0

.9
8-

fo
ld

) 
an

d 
40

 μ
g/

cm
2 

(0
.9

4-
fo

ld
)

[1
49

] 

P
ar

ti
cu

la
te

C
el

l
D

ur
at

io
n

C
on

ce
nt

ra
ti

on
E

nd
po

in
t 

E
ff

ec
t

R
ef

er
en

ce

T
ab

le
 V

. 
(c

on
tin

ue
d)

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

Sa
sk

at
ch

ew
an

 o
n 

12
/0

4/
11

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
assay of lipid oxidation damage in biological samples 
because it detects other compounds than lipid per-
oxidation products too. In this regard improved meth-
ods using a high performance liquid chromatography 
(HPLC) purifi cation step are more reliable [63]. 

The majority of studies on generation of lipid per-
oxidation products and oxidized DNA lesions in cell 
cultures have shown increased generation of oxidized 
biomolecules by exposure to silica [49,50,57,125,153, 
186–189], air pollution particles [86,93,113–115, 
171,190,191], wood smoke particles [103,104,171], 
DEP [52,113,161,171], C60 fullerenes [66,107, 121, 
185] and SWCNT [66,111,125,147,149]. However, 
it has also been shown that C60 fullerenes directly 
oxidize thiobarbituric acid, indicating that increased 
TBARS in cell cultures may be a methodological arti-
fact that is not indicative of lipid peroxidation [109]. 
Studies on carbon black have provided mixed results, 
with studies showing an unaltered level of 8-isopros-
tanes [52], whereas other studies reported an increased 
level of MDA detected with a commercial kit and 
oxidatively damaged DNA lesions [125,189]. Expo-
sure to TiO2 in cell cultures has yielded mainly null 
effect [69,72,149,192] and only one positive effect in 
terms of increased TBARS detected with the unreli-
able spectrophotometric assay [193].

The cell culture studies reported in Table V provide 
important qualitative information about the ability of 
particulates to generate oxidized lipids and DNA in cul-
tured cells, but the differences in assays and reported 
unit of concentration precludes an assessment of the 
quantitative differences of particulates across publica-
tions. However, such an analysis can be made by use of 
the simple form of the alkaline comet assay that detects 
strand breaks and alkaline labile lesions. Nowadays, 
the comet assay is among the most popular tests for 
DNA damage in genetic toxicology, research on particle 
genotoxicity and it has been validated in biomonitor-
ing studies [194]. The production of ROS is associated 
with generation of strand breaks that can be measured 
by the simple version of the comet assay, but this ver-
sion of the comet assay can also detect DNA damage 
originating from PAH-rich coal tar and compounds that 
damage DNA by non-oxidative reactions such as hetero-
cyclic aromatic amines and coal tar [195,196]. Figure 
5 indicates that there is considerable difference in the 
genotoxic potency between particulates assessed by the 
comet assay. Collectively, the studies on strand breaks 
indicate that carbon black, DEP and air pollution 
particles consistently have the highest DNA damag-
ing potency, whereas C60 fullerenes have the lowest 
potency. Between these extremes are TiO2, wood smoke 
particles, silica and CNT that have modest genotoxic 
potential. In addition, it is interesting to note that the 
genotoxic potency of the particles (Figure 5) is similar 
to the potency of DCFH oxidation potential (Figure 
3). This implies that the presence of intracellular ROS 
and oxidative insults to biomolecules are part of the 
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same phenomenon of particle exposure, but it is obvi-
ously premature to regard one or the other assay as a 
redundant endpoint.

Association between particulates and oxidative 
damage in experimental animal models 

Investigations of the association between exposure to 
particulates and oxidatively damaged biomolecules in 
experimental animal models have mainly focused on 
the respiratory system by inhalation or i.t. instillation 
(Table VI), whereas the effect elicited by alternative 
exposure routes have been investigated in fewer studies 
(Table VII). For the pulmonary route of exposure, it 
has been hypothesized that the mechanism of action 
acts through two thresholds: (1) A dosimetric thresh-
old. That is the dose at which lung clearance mecha-
nisms cannot remove particles at suffi cient rate and 
accumulation of particulates occurs. (2) A mechanistic 
threshold where the level of the antioxidant defenses is 
overwhelmed by production of ROS [45]. Both mech-
anisms can include contribution from infl ammation to 
ROS formation targeting non-infl ammatory cells. It is 
rather diffi cult to measure ROS in animal  experimental 
models, whereas it is feasible to measure the levels of 
oxidized biomolecules such as lipid peroxidation prod-
ucts and oxidized DNA lesions. 

The number of studies on particle-induced oxida-
tively damaged DNA or lipids indicate clearly that the 
majority of studies have reported positive effects of 
silica (seven studies: [197–203]) and DEP (18 studies 
[116,117,161,164,204–217], whereas only two [108, 218] 
and three [219–221] studies have reported null effect 
of exposure to silica and DEP, respectively. The studies 
on air pollution particles [222–225], wood smoke par-
ticles [165,166] and C60 fullerenes [68,108] have 
reported increased levels of lipid and DNA oxidation 
products, but it should be emphasized that the number 
of studies are low. The studies on TiO2 
[201,210,226,227], carbon black [40,228,229] and 
CNT [68,167,230,231] have shown mixed results. 

It should be acknowledged that some of the methods 
for the detection of lipid peroxidation products have 
been criticized for being unsuitable for the detection 
of damage to lipids because they are unspecifi c [63]. 
In addition, the antibody-based detection of 8-oxodG 
generates values that are higher than those obtained by 
HPLC with electrochemical detection (ECD), indicat-
ing that the antibodies are unspecifi c [232,233]. Still, 
immunohistochemistry (IHC) for the detection of 
8-oxoGua has the unique ability of localization of the 
lesion histologically to a specifi c type of cells. The stud-
ies using IHC for the detection of 8-oxoGua after 
exposure to DQ12 quartz have shown increased levels 
of DNA damage in the lung of rats, including alveolar 
epithelial cells [198–201]. The induction of 8-oxoGua 
by pulmonary exposure to quartz was less pronounced 
in Chinese hamsters compared to rats [202]. However, 
the immunostaining of 8-oxoGua in unexposed ham-
sters was ~ 4-fold stronger than in rats, which could be 
explained by limited specifi city of the antibody in that 
species. As such, it is interesting that the detection of 
8-oxodG by HPLC-ECD did not indicate any increase 
in the level of oxidatively damaged DNA in rats exposed 
to DQ12 quartz [218]. Pulmonary exposure to Printex 
90 and DE have also been associated with an increased 
level of 8-oxoGua measured by IHC [216,228]. The 
level of 8-oxodG in plasma was marginally increased 
in the plasma of rats exposed to nano-sized carbon 
black [229]. The association between effect of pulmo-
nary exposure to TiO2 and oxidized lipids and DNA 
lesions remains unclear because the studies are diffi cult 
to interpret. The level of 8-oxoGua in the lung tissue 
was unaltered in one study using IHC [199], whereas 
another study reported an unrealistically high level of 
8-oxodG (40 lesions/106 dG) in unexposed animals 
[210]. Measurement of TBARS by the spectrophoto-
metric assay in brain tissue indicated that intranasal 
exposure to TiO2 was associated with an increased level 
of lipid peroxidation at day 30 after exposure, whereas 
the level of TBARS was unaltered at days 2, 10 and 20 
after exposure [226,227].
Figure 5. Generation of strand breaks detected by the comet assay in 
cultured cells exposed to silica (Sil), titanium dioxide (TiO2), carbon 
black (CB), air pollution particles (APP), wood smoke particles 
(WSP), diesel exhaust particles (DEP), C60 fullerenes (C60) or 
carbon nanotubes (CNT). The symbols indicate the generation 
of strand breaks per 10 mgparticles/cm2dish (diamonds) or 10 
mgparticles/106cells (circles). Original data have been collected from 
publications as follows: silica [49,50,74,124,125,187–189,240,241], 
TiO2 [149,193,280,285, 286], carbon black [125, 189,287,288], air 
pollution particles [87,90,113,115,171, 182,287–291], wood smoke 
particles [171,290], diesel exhaust particles [113,171,213,288], C60 
fullerenes [66] and CNT [66,125,148,149, 292,293]. One study on 
the genotoxic effect of C60 fullerenes has not been included in the 
graph because this study reported a very high level of strand breaks 
(95-fold increase per 10 µgparticles/106cells [294]. The generation 
of strand breaks per cell area or number of cells has been calculated 
from linear regression analysis. High concentrations of PM, which 
have resulted in plateau or bell-shaped concentration-response 
curves, have been omitted from the analysis.
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Figure 6 provides an analysis of the potency of dif-
ferent particulates to generate 8-oxodG in lung tissue 
by pulmonary exposure. An overall comparison of the 
studies for the purpose of comparing the potency of 
different particulates is hampered because of problems 
in the methodology of some of the endpoints. Results 
from the European Standards Committee on Oxida-
tive Damage to DNA (ESCODD) suggested that pub-
lications reporting levels of 8-oxoGua in DNA, which 
exceeded 5 lesions/106 dG in baseline samples should 
be interpreted with caution [234]. We have previously 
used 10 lesions/106 dG as a cut-off value in assessment 
of the associations between the level of DNA damage 
and exposure to air pollution or dietary intake of anti-
oxidants [235,236]. The cut-off was chosen because 
the ESCODD threshold was established on data of 
lymphocytes from young healthy humans and analysis 
of pig liver samples by ESCODD partner laboratories 
indicated a median of about 10 lesions/106 dG 
[234,237,238]. The investigations included in Figure 
6 have been stratifi ed into publications reporting levels 
of 8-oxodG that were lower or higher than the thresh-
old of 10 lesions/106 dG. As can be seen, there appears 
to be a linear relationship, suggesting that the different 
types of particulates generate a similar level of 8-oxodG 
on mass basis, although it is also clear that those 
studies with high baseline levels of 8-oxodG have 
reported the largest generation of 8-oxodG as an effect 
of exposure.

The relationship between the duration and dose of 
exposure has been investigated in a few studies. It was 
shown that a single inhalation exposure of a large con-
centration of SRM1650 was associated with increased 
8-oxodG, whereas the same dose administered as four 
low-concentration inhalation exposures on 4 consec-
utive days was associated with increased expression 
of 8-oxo-guanine DNA glycosylase 1 (OGG1) and 
unaltered 8-oxodG in lung tissue [212]. In Ogg1�/� 
mice, this exposure was associated with increased 
8-oxodG, indicating a strong effect modifi cation of 
OGG1-mediated DNA repair [214]. Among the oxi-
datively generated DNA base lesions, 8-oxoGua has 
been of special interest because it is abundant in the 
genome of mammalian cells and it is pro-mutagenic 
[239]. However, despite increased generation of 8-ox-
odG by SRM1650, inhalation exposures associated 
with elevated levels of 8-oxodG have not been associ-
ated with elevated mutant frequency in the Muta-
Mouse model (Table VIII), which may be due to the 
insuffi cient follow-up period or importance of the 
gaseous phase [213]. It should be noted that exposure 
to DE was associated with increased 8-oxodG, ele-
vated mutant frequency and altered mutation 
spectrum in mice [215]. These differences in the 
mutagenicity are intriguing because both exposures 
gave rise to 8-oxodG and PAH-related bulky DNA 
adducts, suggesting that the differences cannot be 
explained by a different content of PAH compounds, 
although there were most likely different concentra-
tions of other organic compounds and exhaust gasses 
were part of the exposure only in the study on DE [215]. 
Studies on the pulmonary exposure to quartz also 
suggest that the relationship between DNA damage 
and mutations is not straight forward. Cell culture 
studies have shown both increased mutagenicity by 
quartz [240,241] and unaltered effect on mutant 
 frequency even after long periods of exposure 
[189,242]. On the other hand, pulmonary exposure 
to quartz was associated with increased mutant fre-
quency in type II alveolar cells [242] and increased 
expression of mutated p53 protein in lung cells [199]. 
However, studies on pulmonary exposure of quartz 
suggest that the most consistent increase in 8-oxodG 
levels appears months after the exposure and might 
be ascribed to persistent infl ammation or tissue injury 
[198–202,218]. The studies on carbon black suggest 
that the particle size is an important determinant of 
the genotoxicity; Printex 90, which has a primary par-
ticle size of 14 nm, generated 8-oxodG, whereas 
Printex 25 (56 nm) and Sterling V (70 nm), with 
larger sizes, did not [40,228]. In this respect, it is 
Figure 6. Generation of 8-oxodG or FPG sites in lung tissue of 
animals by pulmonary exposure. Solid and open symbols indicate 
studies that have reported levels of 8-oxodG in control groups that 
were below and above 10 lesions/106 dG, respectively. The doses 
of particles are reported as mg/g lung weight, based on calculations 
and assumption reported earlier [236]. The level of FPG sites 
have been calculated from the primary comet assay endpoint and 
assuming that 1% DNA in the tail corresponds to 111 lesions per 
diploid cells that contains 6 3 109 basepairs and 22% of the bases 
are guanines as reported previously [295]. The symbols refer to 
studies as follows: solid triangle [212], solid square [164], solid 
diamond [208], solid circle [211], open circle [207], open triangle 
[116], open diamond [117], cross [210], solid square with plus 
[218], solid square with cross [210], plus [40] and askers [203]. 
There is a linear relationship between the dose and generation 
of 8-oxodG (r 5 0.78, p , 0.001 linear regression analysis) after 
excluding one study showing very high baseline level of 8-oxodG in 
unexposed animals (48 lesions/106 dG [117]).
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interesting that cell culture experiments have shown 
increased levels of ROS production, FPG sites and 
mutant frequency after exposure to Printex 90 [189]. 
Carbon black with larger primary particle size did not 
increase the mutagenicity in cultured cells [242,243], 
although increased mutagenicity was observed in type 
II alveolar cells of rats exposed to ultrafi ne carbon 
black by i.t. instillation [242].

Exposure to PM by inhalation is mainly considered 
to be a pulmonary problem, but it should be kept in 
mind that deposition of particulates gives rise to gas-
trointestinal exposure because most particles are 
removed from the surface of the epithelium by the 
mucociliary escalator and swallowed [18,244]. There-
fore the gastrointestinal exposure route is highly rel-
evant for a range of inhalable particles, but also for 
engineered nanomaterials which are added to dietary 
products directly or used in composite wrapping 
materials. Table VII outlines the studies on the effect 
of extra-pulmonary exposure to particulates. It has 
been shown that gastrointestinal exposure to 
SRM2975, C60 fullerenes and SWCNT were associ-
ated with elevated levels of 8-oxodG in the lung and 
liver, whereas only SRM2975 generated elevated lev-
els of 8-oxodG in colon mucosa cells [68,217]. 
Another study showed an increased level of FPG sites 
in the liver following intra-peritoneal injection of 
SRM2975 in dyslipidemic ApoE�/� mice, whereas 
there was no effect in the aorta and lung tissue, which 
could be due to the route of exposure [204]. In 
another study, the level of 8-oxodG was unaltered in 
embryos at 4 h or 2 days post-exposure after the 
mothers had been exposed to DEP by oral gavage [219]. 
Studies of longer exposure periods have incorporated 
the particulates in the feed. The effect of oral 
SRM1650 exposure was investigated in a study of 
male BigBlue rats. Particulates were administered in 
the diet for 21 days and increased levels of FPG sites 
were observed in lung [206], whereas the regulation 
of Ogg1 was unaltered. There were unaltered levels of 
8-oxodG and increased strand breaks and Ogg1 
mRNA expression in the liver and colon mucosa tis-
sue, as well as unaltered urinary excretion of 8-oxodG 
and plasma concentration of MDA [205]. Interest-
ingly, the DEP exposure did not result in induction 
of mutations in either liver, lung or colon mucosa cells 
(Table VIII) [205,206]. A subsequent study with the 
same design but a different type of DEP (SRM2975) 
showed that the plasma concentration of MDA was 
unaltered, 8-oxodG and FPG sites were unaltered in 
the colon mucosa and liver, whereas the expression 
level of Ogg1 was increased in the liver, but not in the 
colon, and the mutation frequency was not increased [221]. 
These data suggest an association between increased 
OGG1 repair activity and unaltered levels of oxidative 
damage to DNA, but it should be emphasized that a 
study in Ogg1�/� mice, exposed to SRM1650 through 
the diet for 21 days, did not show accumulation of 
8-oxodG, ENDOIII or FPG sites in the colon, liver 
and lung tissue [220]. This might be due to differ-
ences in species; mice might be less susceptible than 
rats to oxidative effects of particulates when exposed 
via the diet. Collectively, the data from the investiga-
tions of non-pulmonary exposure support the fi nd-
ings from the studies of inhalation exposure to 
particles, showing that short-term exposure is associ-
ated with increased levels of oxidized DNA lesions 
and lipid peroxidation products, whereas prolonged 
exposure periods could be associated with increased 
activity of the DNA repair system. 

Association between exposure to particulates 
and oxidatively damaged biomolecules in 
human biomonitoring studies

Investigations of the effect of particulates in humans 
encompass biomarker-based biomonitoring studies 
and epidemiological studies on hard endpoints such 
as cardiovascular diseases and cancer in subjects 
exposed in occupational settings and urban air. These 
types of studies serve as excellent platforms investi-
gating the association between exposure to particu-
lates, oxidative stress and hard endpoints, although 
they do not provide fi rm conclusions regarding the 
association between biomarkers of oxidized DNA and 
lipids and disease endpoints. In fact, there is lack of 
information about the predictive value of most bio-
markers of oxidative stress, which can only be fi rmly 
assessed in prospective studies [194,232,245]. Uri-
nary excretion of 8-oxodG and the concentration of 
TBARS in plasma are among the few biomarkers that 
have been studied in prospective cohort studies; they 
have predictive value in regards to development of 
lung cancer and cardiovascular diseases, respectively 
[246–249].

The biological effect of particulates is diffi cult to 
measure in target tissue of humans because of ethical 
reasons and most of the research is therefore carried 
out on surrogate tissue cells such as blood cells (e.g. 
leukocytes, mononuclear blood cells or lymphocytes) 
or urine. Table IX outlines a number of studies that 
have assessed the exposure of air pollution particles in 
terms of oxidative damage to DNA in blood cells or 
urine; there is to the best of our knowledge no pub-
lished biomonitoring studies on nanoparticle exposure 
containing data on oxidatively damaged DNA and 
lipids. In keeping with the general consideration about 
methodological problems of biomarkers of oxidatively 
damaged DNA, it should be recognized that some of 
these studies have problems with high levels of 8-ox-
odG, suggesting spurious oxidation of the samples 
[250,251]. In addition, the design of the biomonitoring 
studies is crucial for the interpretation of the results; 
especially the effect of confounding variables is impor-
tant. It should be emphasized that some studies have 
shown that the comet assay detects DNA damage that 
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displays seasonal variation [252–254]. Problems with 
the experimental design and/or confounding can result 
from attempts of providing gradients in the exposure 
levels. Studies that are designed to detect differences 
between a group of exposed subjects relative to a refer-
ence group or temporal (seasonal) differences in expo-
sure and oxidative stress have shown increased level of 
oxidatively damaged DNA in leukocytes [251,255–258], 
urinary excretion of 8-oxodG [257,259–262] and 
plasma lipid peroxidation products [263–267], although 
one study showed no effect of MDA in plasma of bus 
drivers working in the city centre as compared to driv-
ers working in the rural/suburban areas [268]. A very 
large study on urinary excretion of 8-oxodG from chil-
dren in the Czech Republic showed only a positive 
association in samples collected from children in the 
most polluted area, whereas there was a difference in 
8-oxodG excretion between this location and children 
living in the less polluted area [269]. In a different 
design there was an increased urinary excretion in 
post-shift spot urine samples of female highway toll 
workers compared to a reference group consisting of 
females training to become toll station workers [250]. 
Some studies have also shown associations between 
exposure to PM and lipid peroxidation products in 
exhaled breath [270–272].

The exposure characterization in biomonotoring 
studies encompass data obtained from stationary 
monitor stations and personal monitors, including 
concentration of PAH or mass concentration of par-
ticles (e.g. the PM2.5 fraction) as markers of air pol-
lution or biomarkers of air pollution components 
such as PAH metabolites. Sampling of personal 
exposure data obviously requires a more demanding 
experimental set-up because it is important to follow 
the subjects over time and the sampled air pollution 
constituents should be representative of the emis-
sion. Using this approach of personal exposure char-
acterization, it has been shown that students living 
in the central area of Copenhagen had a positive 
correlation between personal exposure to PM2.5 
(mass concentration) and the level of 8-oxodG in 
lymphocytes, whereas the exposure did not correlate 
with the level of FPG sites in lymphocytes or urinary 
excretion of 8-oxodG [273]. Later studies with focus 
on controlled exposure to ultrafi ne traffi c-generated 
air pollution particles showed that healthy humans 
bicycling for ~ 90 min in the laboratory or in the 
most traffi c-intense streets of Copenhagen had the 
highest levels of FPG sites in mononuclear blood 
cells after the bicycling in the traffi c as compared to 
the laboratory [274]. In a subsequent experiment, 
air from a traffi c-intense street in Copenhagen was 
sucked into a chamber with or without fi ltering the 
particulate fraction; it was shown that reducing the 
exposure to ultrafi ne particles by fi ltering the air was 
associated with lower levels of FPG sites in mono-
nuclear blood cells [275]. Interestingly, similar 
experiments with exposure to wood smoke, contain-
ing very high mass concentration of particles, indi-
cated increased levels of lipid peroxidation products 
in serum and urine [276,277], whereas no clear 
association was observed with respect to oxidatively 
damaged DNA in mononuclear blood cells, which 
could be due to low statistical power [278]. 

Concluding remarks

Various types of particulates are able to both generate 
ROS (Table II) and oxidize lipids and DNA 
(Table III) in an acellular environment. These data 
suggest that particles have a direct oxidizing ability 
that most likely arises from both surface-mediated 
reactions (e.g. quartz) and leakage of transition metals 
and redox-active quinone substances (e.g. air pollution 
particles). There is also compelling evidence from 
studies in cultured cells that particles generate ROS 
(Table IV and Figure 3) and oxidize biomolecules 
such as lipids and DNA (Table V and Figure 4). 
 Carbon black, air pollution particles and DEP gener-
ates higher level of ROS and strand breaks in cultures 
cells on the same mass basis as compared to silica, 
TiO2 and CNT, whereas exposure to wood smoke par-
ticles and C60 fullerenes is associated with the lowest 
level of ROS generation and strand breaks. In keeping 
with the importance of the surface area, it would have 
been interesting to rank the particles according to this 
metric. One of the major caveats in regard to the DNA 
damaging ability is the numerous reports that particles 
seem not to be present in the nuclei of the cells. This 
could imply that particles do not need to be present 
at the site of injury and that the effect is mediated by 
leached substances or stable ROS generated at the 
surface of particles. In addition, cellular exposure to 
some type of particulates infl icts upon normal mito-
chondrial function, which may lead to excess genera-
tion of ROS by the electron transport chain. In intact 
organisms, ROS production from infl ammation 
induced by particulates can also contribute. The data 
from animal experimental models are too few to deter-
mine whether some type of  particles are more potent 
in generating oxidative damage to DNA. However, the 
data outlined in Figure 4 indicate a relationship 
between the mass of particles and net increase in oxi-
dative damage in lung tissue, although the particles 
have different primary particle size. 

Figure 7 outlines an overall analysis where we have 
assessed whether particles produce the same effect in 
experimental systems detecting different aspects of oxi-
dative stress. The fi gure encompasses oxidizing ability 
in acellular conditions (Tables II and III), intracellular 
ROS generation (Table IV), oxidatively damaged DNA 
and lipids in cultured cells (Table V) and oxidatively 
damaged DNA and lipids in animal experiments 
(Tables VI and VII). The results were regarded as either 
showing positive or null effect; the type of particles 
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were stratifi ed into silica, TiO2, carbon black, air pol-
lution particles, wood smoke particles, DEP, C60 fuller-
enes and CNT (the details of the statistical design, 
results and interpretation are described in the legend 
text of Figure 7). Overall, the analysis shows mutual 
dependency of the reported effect, test system that has 
been used and the types of particles that have been 
tested. The analysis has two important implications: 
(1) the effect, which has been reported, depends on 
both the types of particles being tested and the type of 
test system; and (2) the detection system that has been 
used depends on the types of particles that have been 
tested and the effect. As for the fi rst conclusion, it 
implies some types of particles (especially TiO2) are 
more likely to show null effect than other types of par-
ticles (air pollution particles, wood smoke particles, 
DEP and C60 fullerenes). The second implication indi-
cates a propensity of researchers to study effects on 
some types of particles with detection systems that pro-
vide some type of result. This is clearly visualized by 
the high number of studies on air pollution particles 
and DEP that have reported increased ROS generation 
and oxidized biomolecules in acellular conditions and 
cultured cells. Furthermore, the reasonable concur-
rence of results from all four levels of experimental 
complexity support the use of simple acellular and cel-
lular assays for ROS production as an early screening 
of potential hazards related to oxidative damage to 
DNA from particulates. Moreover, the concurrence 
could also suggest that direct ROS production may be 
more important for this endpoint than indirect ROS 
production from for instance infl ammation.

The studies of oxidative stress effects in humans 
are less abundant than the studies on acellular and 
cellular model systems as well as animal experimental 
models. Still, the data from combustion particles indi-
cate that environmental exposure to particulates is 
associated with increased biomarker levels of oxida-
tive damage in leukocytes, plasma and urine. This is 
interesting considering that animals and humans are 
evolutionarily adapted to deal with particulates in epi-
thelium with large surface area, designed for trans-
membrane passage of molecules, such as the lung 
epithelium and gastrointestinal tract. The defense 
barriers that protect against biological pathogens 
seem to play a pivotal role in the removal of particu-
lates. However, intense exposures may overwhelm the 
defense systems, especially in vulnerable subjects 
such as the elderly and patients with respiratory and 
cardiovascular diseases. Based on the analogy shown 
in Figure 7, it must be expected that humans exposed 
to engineered nanomaterials could have higher levels 
of oxidatively damaged DNA and lipids.
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Figure 7. Associations between exposure to silica (Sil), titanium 
dioxide (TiO2), carbon black (CB), air pollution particles (APP), 
wood smoke particles (WSP), diesel exhaust particles (DEP), C60 
fullerenes (C60) or carbon nanotubes (CNT) particles and oxidative 
damage in acellular conditions, cells and animal tissues. The columns 
represent the number of studies having shown increased level of 
oxidative damage in acellular conditions (cf. Tables II and III), 
intracellular ROS (cf. Table IV), intracellular oxidized biomarkers 
(cf. Table V) and animal experimental models (cf. Tables VII and 
VIII). The studies have been classifi ed as showing positive effect 
or null effect. Acellular studies showing positive effect: silica [48–
50,74,76–80], TiO2 [69,70], carbon black [41,65–68], air pollution 
particles [60,81–94,96–98,113–115,140], wood smoke particles 
[85,98,103,104], DEP [68,73,83,85,97,98,100,102,113,116–118], 
C60 fullerenes [66,68,106–109,119,120], CNT [66,68,111]. 
Acellular studies showing null effect: silica [81], TiO2 [56,72,73] 
carbon black [52], DEP [52], C60 fullerenes [105,110], 
CNT [78]. Studies on intracellular ROS showing positive 
effect: silica [51,77,80,125,151,153–155], TiO2 [56,71,
122,142,143,156,159,160], carbon black [58,65–67,123–128], 
air pollution particles [95,127,131,132,134–140], wood smoke 
particles [104,142], DEP [101,102,127,129–132,141–145], C60 
fullerenes [66,107,121,122], CNT [66,124–126,142,146–148]. 
Studies on intracellular ROS showing null effect: silica 
[124,136,152], TiO2 [58,138,149,157,158], carbon black 
[129–131], air pollution particles [133], wood smoke particles 
[133], DEP [133], CNT [59,111,143,149,150]. Studies on 
intracellular oxidized biomolecules showing positive effect: silica 
[50,125,153,186–188], TiO2 [193], carbon black [125,189], air 
pollution particles [86,93,113–115,171,190,191], wood smoke 
particles [103,104,171], diesel exhaust particles [113,161,171], 
C60 fullerenes [66,107,121,185], CNT [66,111,125,147]. Studies 
on intracellular oxidized biomolecules showing null effect: silica 
[57,189], TiO2 [72,149,192], carbon black [52], DEP [52], CNT 
[149]. Animal experimental models showing positive effect: silica 
[197–203], TiO2 [226], carbon black [40,228], air pollution particles 
[204,206,217,225], DEP [116,117,161,164,207–213,215,216], 
wood smoke particle [165,166], C60 fullerenes [68,108], CNT 
[68, 167,230]. Animal experimental models showing null effect: 
silica [108,218], TiO2 [201,210], carbon black [229], air pollution 
particles [219–221], CNT [231]. The statistical analysis showed that 
the occurrence of effect, test system and particle type is mutually 
dependent (�2 = 81.3; �2 0.01, 52 = 78.6). The post-hoc breakdown 
analysis showed that the occurrence of test system depends on type 
of particle and effect (�2 = 54.2; �2

0.05, 45 = 61.7) and the effect 
depends on the test system and type of particle (�2 = 40.8; �2

 0.05, 

31 = 45.0), whereas the type of particle that have been investigated 
does not depend on the type of detection system and effect (c2 = 
75.3; �2 0.01, 49 = 74.9).
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