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Introduction

‘All things are poison and nothing is without poison, 
only the dose permits something not to be poisonous.’ As 
already stated by Paracelsus, the medieval physician, 
substances, which are typically considered poisonous, 
may be harmless, while benign materials may become 
toxic depending on the administered dose. Hence, the 
concepts of dose and toxicity are intimately linked for 
all inhaled substances, including ambient particulate 
matter (PM).

Epidemiological studies have repeatedly suggested 
that enhanced ambient PM levels result in increased 
morbidity and mortality (Peters et al. 1997, Stone et al. 
2007). Toxicological studies show that particle induced 
oxidative stress may lead to pulmonary or even systemic 
inflammation (Donaldson & Tran 2002), which ulti-
mately may promote the progression of atherosclerosis 
and precipitate acute cardiovascular responses ranging 
from increased blood pressure to myocardial infarction 
(Delfino et al. 2005).

Airborne PM can enter the organism through the 
lungs, skin or retina. As the lung is actively ventilated 
(respiration) and has by far the largest surface area 
(∼140 m2) (Gehr et al. 1978), the lung presents the main 
entrance way for airborne PM into the human organism. 
The accumulated particle dose in the lungs is deter-
mined not only by the amount of particles deposited 
onto the walls (epithelium) of the respiratory tract, but 
by the effectiveness of the lungs’ natural defence system 
(clearance mechanisms). The former mainly depends on 
the physicochemical properties of the particles and on 
the physiological parameters such as lung morphology 
and respiratory conditions. The latter relates to the fate 
of these particles within the organism, i.e. whether they 
are dissolved by body fluids, metabolized, eliminated 
or isolated from the organism, or translocated to other 
organs besides the organ of intake (Kreyling et al. 2006a, 
Oberdörster et  al. 2005). Ultimately, the combined 
effects of particle deposition into and clearance from 
the lungs, particle processing and transport within the 
organism, and the toxicity of the particles determine the 
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Abstract
Both epidemiological and toxicological studies indicate that inhalation and subsequent deposition of air-
borne particles into the lungs have adverse health effects. Recently, the ultrafine particle (UfP) fraction 
(diameter < 100 nm) has received particular attention, as their small size may lead to more toxic proper-
ties. In this study we summarize the current knowledge on the dosimetry of inhaled particles (including 
UfPs) with a focus on recent data on translocation of UfPs into secondary target organs (such as brain and 
heart) suggesting that the lifetime dose of ambient UfPs in secondary target organs is about 1011 particles. 
Furthermore, we highlight the main pathways of particle induced toxicity and the reasons for the poten-
tially higher toxicity of UfPs. Finally, we discuss recent evidence indicating that (BET) surface area is the 
single most relevant dose metric for the toxicity of UfPs, which has important implications for regulatory 
measures on the toxicity of ambient and engineered particles.
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particle related health impact. While mass-based maxi-
mum exposure levels allowed for various types of PM are 
already established in several countries (including US 
and Europe), alternative dose metrics such as particle 
number or surface area have recently been put forward, 
in part due to their higher sensitivity to the potentially 
more toxic ultrafine particle (UfP) fraction of PM (Peters 
et al. 1997, Stoeger et al. 2009), which comprises the PM 
segment with particle diameter below 100 nm.

In this mini-review we summarize the state of knowl-
edge on the dosimetry of (ultrafine) particles in the 
lungs, including particle lung deposition, clearance 
mechanisms and translocation into secondary organs 
(e.g. brain and heart), we provide an overview over the 
reasons for the potentially higher toxicity of UfPs, and 
we highlight the role of (BET) surface area as a powerful 
dose metric for the toxicity of different types of ultrafine 
soot particles. In the following discussion PM refers to 
UfPs unless stated otherwise.

Dosimetry of inhaled particles

The dosimetry of inhaled particles describes the tempo-
ral variability of the particle dose accumulating in the 
lung (or one of its compartments, e.g. tracheobronchial, 
alveolar) or other organs. The organ-specific particle 
burden is determined by the sources and sinks of parti-
cles for a given organ.

Lung deposition

The ‘source’ of particles in the lungs is the deposition 
of inhaled particles onto the lung epithelium, which 
depends on the morphology of the lungs, the respiratory 
conditions and the physicochemical properties of the 
particles. A detailed presentation of these aspects is pre-
sented in mini reviews by Kim and Hofmann and their 
co-workers (this issue). In brief, constrained by lung dep-
osition measurements (Beckett et al. 2005, Heyder et al. 
1986, Jaques & Kim 2000) various computer models have 
been developed (mostly for spherical particles) allowing 
the calculation of both regional and total particle depo-
sition for an average lung morphology at different res-
piratory conditions and particle characteristics, where 
the latter typically comprise the geometric diameter 
and bulk density (Asgharian et al. 2004, Hofmann 1996, 
ICRP 1994). Some deposition models also account for 
changes in particle size and density due to hygroscopic-
ity, i.e. the ability of the particles to absorb water under 
the high relative humidity conditions encountered in the 
lungs (Ferron et  al. 1988). For non-spherical particles 
(such as ultrafine chain-like soot particles), the effect 
of particle shape can be incorporated into deposition 
models for spherical particles (ICRP 1994) by replacing 

the geometric diameter and bulk density by the readily 
measured mobility diameter and effective density (ratio 
of particle mass and mobility-based volume assuming 
particle sphericity), respectively (Schmid et al. 2007). In 
contrast to larger particles, UfPs are mainly deposited 
due to diffusion not due to inertial impaction, gravita-
tional sedimentation or interception.

For toxicological and pharmacological studies, the 
alveolar region is of particular interest, as in this region 
the lungs are most permeable (air–blood barrier is only 
about 2 m thick) in order to facilitate gas exchange 
between the blood and the inhaled air (Gehr et  al. 
1978). In this regime both ultrafine and fine particles 
have high deposition efficiencies of 30–60% (between 
20 and 40 nm) and 20–30% (between 1 and 3 µm) of the 
inhaled particles respectively (ICRP 1994). Because the 
number and mass of typical urban particle size distribu-
tions is dominated by ultrafine and supermicron par-
ticles, respectively, the former and latter size segment 
dominate the lung deposited particle number and mass 
(in the alveoli), respectively. On the other hand, there 
are two almost equally important modes at about 20 
and 140 nm for the deposited particle surface area, the 
toxicologically most relevant dose parameter (as dis-
cussed below) (Figure 1). This deposition characteristic 
is almost independent of activity level (sleep and heavy 
exercise) resulting in an about 50% contribution of UfPs 
(<100 nm) to the total deposited surface area (Figure 1). 
Hence, there is a substantial contribution of urban UfPs 
to the toxicologically most relevant lung-deposited par-
ticle surface area, which is aggravated by the reduced 
clearing efficiency of UfPs from the alveolar region as 
discussed below. It is important to note that the depos-
ited hourly surface dose (total particle surface area 
deposited in the alveoli over 1 h) is much larger during 
heavy exercise (320 mm2) than during sleep (45 mm2) 
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Figure 1.  Size-resolved particle surface area deposited (per breath) 
in the alveolar region during sleep and heavy exercise (ICRP 1994) for 
a typical urban background aerosol distribution (inhaled) (Baron & 
Willeke 2001, p. 103). For both activity levels, UfPs (<100 nm) contrib-
ute about 50% to the deposited surface area.
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due to the vastly different ventilation rates of 3.0 and 
0.45 m3 h−1, respectively.

Clearance mechanisms and retention

Once the particles are deposited onto the walls (epithe-
lium) of the respiratory tract they come into contact with 
the surfactant layer and with either mucous (in the air-
ways) or serous lining fluid (in the alveoli). Particle com-
pounds which are either lipid or water soluble will be 
dissolved and rapidly diluted, bound to proteins, often 
metabolized in the lining fluid and eventually trans-
ferred to the blood and lymphatic circulation, undergo-
ing further metabolization or excretion via kidney and 
urine. Although dissolved parts of PM have the potential 
to reach any organ (Patton et al. 2004), their toxic poten-
tial is typically considered low due to the high degree of 
dilution in the body fluids. Therefore, particle toxicity 
is mainly related to the insoluble part of the particles, 
which may lead to high doses of toxins on a highly local-
ized scale (e.g. individual cells) not only in the lungs, but 
also in other organs due to the potential of systemic par-
ticle translocation especially for UfPs as will be discussed 
below. Henceforth, the term ‘particles’ will refer to the 
insoluble part of the particles unless stated otherwise.

Airways
The residence times of the particles in the lungs is limited 
by several effective defence (clearance) mechanisms, 
which act as a particle sink. The walls of the upper parts of 
the lungs (airways) are covered with a protective mucus 
layer, which is transported by beating cilia towards the 
larynx from where it is swallowed into the gastrointestinal 
tract (GIT) for excretion. Mucociliary clearance will 
remove all particles larger than about 6 m from the 
lungs within 1–2 day. For UfPs with enhanced mobility, 
penetration through the mucus into periciliary spaces 
and into the bronchial epithelium significantly reduces 
the mucociliary removal efficiency to about 25% for UfPs 
(Kreyling et al. 2006b, Möller et al. 2008). The remaining 
particle fraction is eliminated at a much slower rate by 
other clearance mechanisms, such as uptake by phago-
cytic or epithelial cells (Geiser et al. 2005).

Alveoli
In the deeper region of the lungs (alveolar region) a 
major fraction of the deposited particles will be cleared 
by macrophages, specialized defence cells, which rec-
ognize and internalize non-soluble particles via phago-
cytic uptake within less than a day after deposition. 
Upon internalization by macrophages the particles are 
either disintegrated or, if this is not possible, isolated 
from the organism with subsequent accumulation in 
the lymphatic system of the lung. Only a minor fraction 
of the phagocytized particles is transported up to the 

airways with subsequent mucociliary clearance. While 
macrophages respond within a few hours to almost all 
particles larger than 200 nm, the recognition mecha-
nism becomes significantly less effective (∼20%) for UfPs 
(Tabata & Ikada 1988). The remaining fraction of UfPs 
is retained long term in the epithelium and interstitial 
spaces (Brown et  al. 2002, Möller et  al. 2008, Wiebert 
et  al. 2006) and recent animal studies suggest that a 
fraction of these UfPs is transported back to the luminal 
side of the epithelium (e.g. via the lymphatic system) 
with subsequent clearance via the mucociliary escalator 
(Semmler-Behnke et al. 2007).

Translocation and accumulation in secondary organs

Particles retained in the lungs may react with ions, 
chelating molecules and proteins, which may result 
in functional changes of the latter as well as coating or 
complexing of the particles. Thereby the particles may 
specifically bind to selected proteins and follow protein-
mediated transport processes (Kim & Malik 2003), car-
rying them from the epithelial surface of the lungs into 
the circulation from where they can reach so-called 
secondary target organs such as liver, spleen, heart, 
brain and central nervous system (Kreyling et al. 2002b, 
Oberdörster et  al. 2002). The particle size-dependent 
pathways (Patton et al. 2004) may be paracellular across 
tight junctions between adjacent epithelial cells or tran-
scellular by transcytosis as shown by Heckel and col-
leagues (Heckel et al. 2004).

Translocation into secondary organs is most effective 
for small particles, such as UfPs. Measurements in ani-
mal models have shown that the translocation from the 
lungs into other secondary organs (24 h after exposure) 
is about 1 and 0.3% for inhaled 15 and 80 nm Ir particles, 
respectively (Kreyling et al. 2002a, Semmler et al. 2004). 
A similar translocated fraction of 1–2% was reported for 
50 and 200 nm polystyrene particles (Chen et al. 2006). 
Animal models also indicate that small amounts of the 
translocated particles are retained long-term in second-
ary target organs. About 0.1% of inhaled 15 nm iridium 
particles were retained in secondary organs as long as 
6 months after a single 1-h inhalation of 15 nm 192Ir par-
ticles by healthy, adult WKY rats (Semmler et al. 2004). 
Direct evidence for ambient particle translocation in 
humans is only available for occupational exposure 
scenarios. Classical pathology was able to locate asbes-
tos and coal particles in secondary organs (e.g. liver) of 
heavily exposed workers (Auerbach et al. 1980, LeFevre 
et al. 1982). In addition, there is increasing evidence that 
the residence time of particles in the circulation and sub-
sequent uptake by secondary organs may be enhanced 
by deliberate surface modifications (Borm et al. 2006).

Based on the long-term measurements in rats 
(Semmler et al. 2004) we can estimate the accumulation 
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of UfPs in secondary target organs as 1011 particles dur-
ing the lifetime of man (∼100 years), where we assumed 
that (1) the average concentration of UfPs in ambient 
air is 104 particles per cm3 (1010 m−3), (2) the inhaled air 
volume per day is 10 m3, (3) the lung deposited particle 
fraction in the alveolar regime is 0.3, (4) the insoluble 
particle fraction is 0.1 and (5) the translocated fraction 
is 0.001 (obtained for rodents by Kreyling et  al. 2007). 
Although the particle number dose accumulating in sec-
ondary target organs is about four orders of magnitude 
below the lung dose, it may not be negligible especially 
when considering chronic diseases or carcinogenic 
processes (Beeson et  al. 1998, Peters et  al. 2006). As a 
caveat we note that extrapolation of the translocation 
data from rodents to man requires great caution due to 
interspecies differences.

Toxicology

Epidemiological studies have repeatedly described 
correlations between the level of ambient PM and 
increased morbidity and mortality in adults and children 
(Salvi 2007, Peters et al. 1997). Particularly convincing 
evidence was provided by a combination of epidemio-
logical and toxicological studies related to the temporary 
(1 year) shut down of a steel mill in the Utah Valley. This 
shut down led to a substantial reduction of metal-rich 
ambient PM accompanied by reduced morbidity and 
mortality rates in the region around the steel mill (Pope 
et al. 1992, Ransom & Pope 1992). These epidemiologi-
cal results were corroborated by toxicological studies, 
which associated ambient PM during operation of the 
steel mill with pulmonary injury, neutrophilic inflam-
mation and increased airway responsiveness (Dye et al. 
2001, Ghio & Devlin 2001).

It is commonly hypothesized that the toxicity of 
ambient PM and UfPs is related to the generation of 
reactive oxygen species (ROS), a main cause of cellular 
oxidative stress, which even at low doses triggers intra-
cellular signalling processes, such as the activation of 
redox-sensitive transcription factors like NF-B and AP1 
(Cho et al. 2006, Rahman et al. 2006) as seen from Figure 
2. In urban environments combustion-derived UfPs 
such as soot particles dominate PM number concentra-
tions and contribute significantly to the total surface 
area of PM. Typically, soot particles consist of an inert 
(biopersistent) carbon core coated with potentially toxic 
pollutants consisting of hundreds of organic chemi-
cals and many transition metals (Lighty et  al. 2000). 
For combustion-derived UfPs, two main pathways of 
particle-induced ROS formation have been identified 
(Figure 2): (i) catalytic reactivity of the surface of the inert 
particle matrix (including the bioavailability of redox-
cycling catalysts like transition metals or quinones), and 

(ii) metabolic generation of reactive byproducts during 
cellular detoxification of organic compounds especially 
polyaromatic hydrocarbons (PAHs) (Bonvallot et al. 2001, 
Stoeger et  al. 2009). Once inflammatory processes are 
initiated ROS formation can be aggravated by stimulat-
ing inflammatory cells to undergo oxidative burst activity 
or to upregulate inducible nitric oxide synthase and cause 
nitric oxide production (Porter et al. 2007). For large par-
ticles (>500 nm), an additional mechanism is related to 
the enzymatic production of ROS upon particle phago-
cytosis, which is crucial for the killing of bacteria (Fubini 
& Hubbard 2003). Furthermore, since UfPs are known to 
translocate across epithelial–endothelial barriers into the 
blood and lymphatic circulation, from where they might 
reach sensitive (secondary) target organs, particle toxicity 
might not be limited to lung cells, but may cause direct 
extrapulmonary effects. In healthy individuals the poten-
tial of inhaled particles to induce oxidative injury is con-
strained by endogenous antioxidant defences (Li et  al. 
2003, Xia et al. 2006). Impairment of these antioxidant 
defences may in part explain the enhanced vulnerability 
of asthmatics and COPD patients to air pollutants, caus-
ing exacerbation (Kelly et al. 1999, Li et al. 2003).

Identification of a single physicochemical dose 
parameter (e.g. particle number, surface area or mass) 
for the toxicity of ambient PM may seem a daunting task 
in light of the various different toxicological pathways 
listed above and the diverse physicochemical nature 
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Figure 2.  The oxidative stress paradigm for inflammatory response 
(toxicity) induced by soot particles includes two main toxicological 
pathways: (i) the particles’ innate oxidative surface reactivity causes 
cellular oxidative stress directly (without metabolic activity) and (ii) 
detoxification of the bioavailable polyaromatic organic compounds 
(PAHs) induces the expression of the CYP1A1 protein, which causes 
(indirect) cellular oxidative stress by metabolic activation of PAHs. 
Pathway i is typical for pure carbon particles with low organics con-
tent (low OC), whereas pathway ii is characteristic for soot particles 
with high levels of organics (high OC) especially bioactive PAHs.
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of ambient PM (Lighty et  al. 2000, Putaud et  al. 2004). 
Therefore, recent studies have attempted to characterize 
the toxicity of ambient particles based on their oxidative 
potency (or oxidative potential) using in vitro screening 
systems, which involve the depletion of antioxidants 
(e.g. ascorbate (vitamin C), reduced glutathione) in the 
presence of ambient PM (Mudway et  al. 2004, Stoeger 
et  al. 2009) mimicking the in vivo antioxidant defence 
system of the lungs. Ultimately, the predictive capacity of 
the oxidative potency (or any other dose parameter) for 
particle toxicity has to be verified by comparison with an 
in vivo toxicity parameter such as the influx of polymor-
phonuclear leucocytes (PMNs) into the lungs of rodents 
24 h after intratracheal instillation of particles (Stoeger 
et  al. 2006), which has been shown be an indicator of 
early inflammatory responses (Oberdörster 2000). The 
measured PMN dose-response curves can be converted 
into in vivo inflammatory efficacy, which is defined as a 
characteristic PMN level (here: 20% PMNs in the bron-
choalveolar lavage (BAL) fluid) divided by the particle 
mass causing this effect (Stoeger et al. 2009).

Stoeger and co-workers investigated the relation-
ship between inflammatory efficacy (in mice), oxidative 
potency and various physicochemical parameters for 
six types of ultrafine soot particles in mice consisting of 
a carbon core surrounded by an organic coating with 
widely varying primary particle diameter (10–50 nm), 
organic content (OC; 1-20%) and specific BET surface 
area (43-800 mm2/g = m2/g) (Stoeger et al. 2006, Stoeger 
et al. 2009). BET surface area is likely to be particularly 
useful for toxicological studies, as it represents the sur-
face area, which is accessible for molecular adsorption 
(as described by Brunauer, Emmett and Teller (Brunauer 
et al. 1938)) and hence is closely related to the catalytic 
reactivity (or oxidative potency) of PM. Thus, the good cor-
relation between oxidative potency and BET surface area 
shown in Figure 3A is not surprising (Stoeger et al. 2009), 
but the appearance of two distinct subgroups deserves 
attention. Particles with high amounts of OC (or PAHs as 
determined by thermoanalytical speciation (Matuschek 
et al. 2007)) displayed a 5-fold lower surface-specific oxi-
dative potency (slope) than low PAH particles (no PAHs 
were detectable) presumably due to shielding of the 
highly reactive carbon core by organic coating. If oxidative 
potency were the only relevant inflammatory mechanism 
(pathway i in Figure 2), the inflammatory efficacy of high 
PAH particles should be mitigated compared with low 
PAH particles. However, Figure 3B shows excellent linear 
correlation between in vivo inflammatory efficacy and 
BET surface area irrespective of PAH level. This indicates 
that the shielding of the carbon core for high PAH particles 
is compensated by another process, which only occurs  
in vivo. Because for high PAH particles, both the CYP1a1 
gene was expressed (1.2–3.9-fold induction) and the 
cytochrome P450 1A1 (CYP1A1) protein was detected in 

the lungs, ROS formation due to CYP1A1 enzyme-medi-
ated biotransformation of bioavailable organics (PAHs) 
is a likely candidate for a second pathway (pathway 
ii in Figure 2), which only occurs in vivo, as it requires 
metabolic activity. Hence, oxidative potency alone can-
not adequately describe the in vivo toxicity (inflamma-
tory efficacy) of soot particles, if PAH-rich particles are 
involved. On the other hand, BET surface area is an 
excellent predictor for in vivo particle toxicity irrespec-
tive of the physicochemical composition of the soot 
particles (Figure 3B) due to the compensatory nature of 
organics-related shielding of the reactive carbon core and 
biotransformation of PAHs for high PAH particles. From 
the slope of Figure 3B (0.006% PMN per mm2) it is evi-
dent that the characteristic level of 20% PMN influx into 
the lungs of mice is induced by 33 cm2 of soot particles. In 
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Figure 3.  The in vitro oxidative potency and in vivo inflamma-
tory efficacy (PMN influx into the lungs of mice) for six types of 
ultrafine soot particles, three types with low and three with high lev-
els of bioactivated PAHs. (A) Both subgroups show excellent linear 
correlation between oxidative potency and BET surface area, but the 
surface specific oxidative potency (slope) for high PAH particles is 
5-fold lower than that for low PAH particles. This can be explained 
by the presence of an organic coating (for high PAH particles) which 
shields the reactive carbon core. (B) The inflammatory efficacy cor-
relates well with BET surface area irrespective of PAH level. This indi-
cates that the shielding of the carbon core by organics (high PAH) is 
compensated by the additional inflammatory efficacy due to bioac-
tivation of PAHs (metabolic activity). In this representation mass is 
only a scaling factor, as both the abscissa and ordinate are normal-
ized to mass. Thus, these graphs depict the relationship between the 
BET surface area of the particles and their (A) oxidative potency and 
(B) inflammatory capacity.
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contrast, neither particle mass nor OC showed a similarly 
good correlation with inflammation (Stoeger et al. 2006) 
and the relatively good correlation with particle number 
is likely to be incidental mainly due to the narrow range 
of primary particle diameters of the investigated particles 
(Stoeger et al. 2007). A similarly high predictive capacity 
of BET surface area for particle toxicity was also found for 
other particle types such as TiO

2
 and polystyrene (Brown 

et al. 2001, Oberdörster et al. 2005).
These results support the following mechanistic 

scheme for soot particle-induced inflammation 
depicted in figure 2. On the one hand, particles with 
high innate oxidative potency (linked to low PAH or 
low OC) generate direct oxidative stress by particle–
cell interaction, which in turn activates redox-sensitive 
transcription of proinflammatory genes (pathway i). 
On the other hand, particles with high amounts of bio-
available organic compounds, like PAHs, induce detoxi-
fication pathways leading to biotransformation and 
bioactivation of PAHs with associated ROS formation 
(pathway ii). The combined effect on in vivo inflamma-
tory response in the lungs of mice correlates best with 
the BET surface area of the particles.

Summary

For urban environments, ultrafine particles (mainly 
soot) contribute significantly (∼50%) to the lung-
deposited particle surface area and hence to the adverse 
health effects of ambient PM. UfPs have an enhanced 
toxicity potential due to (1) high surface-to-mass ratio 
(high reactivity), (2) prolonged residence time in the 
lungs as a result of mitigated clearance efficiency and 
(3) low but possibly not negligible translocation rates 
across epithelial–endothelial barriers into the blood and 
lymphatic circulation, from where UfPs might reach vul-
nerable (secondary) target organs (e.g. heart, liver and 
brain).

BET surface area is emerging as the single most rel-
evant dose parameter for particle toxicity both in the 
ultrafine (<100 nm) and fine (100–2500 nm) size range. 
For various types of soot particles, BET surface area is 
an excellent predictor for in vivo particle toxicity (here: 
inflammatory efficacy determined from PMN influx into 
the lungs) irrespective of their physicochemical charac-
teristics (Figure 3B) due to the compensatory nature of 
organics-related shielding of the reactive carbon core 
and biotransformation of PAHs. Although similar results 
were reported for a limited number of other particle 
types, further studies are needed to confirm the predic-
tive capacity of BET surface area for particle toxicity. 
Identification of the (most) relevant dose parameter 
is the basis for much needed regulatory measures on 

the toxicity of not only ambient but also engineered 
particles.
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