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ABSTRACT

Epidemiological studies continue to indicate associations between exposure to increased
concentrations of ambient fine and ultrafine particles and adverse health effects in sus-
ceptible individuals. The ultrafine particle fraction in the ambient atmosphere seems to
play a specific role. Yet, the dosimetry (including deposition patterns in the respiratory
tract and, particularly, the biokinetic fate of ultrafine particles) is not fully understood. In
contrast to fine particles, inhaled ultrafine particles see follow different routes in the
organism. Fhis-papersummarizes-the-eurrentlcnewledge: Cardiovascular effects observed
in epidemiological studies triggered the discussion on enhanced translocation of ultrafine
particles from the respiratory epithelium towards circulation and subsequent target organs,
such as heart, liver, and brain, eventually causing adverse effects on cardiac function and@
blood coagulation, as well as on functions of the central nervous system. Current knowl-
edge on systemic translocation of ultrafine particles in humans and animal models is re-
viewed. Additionally, an estimate of accumulating particle numbers in secondary target
organs during chronic exposure is extrapolated from long-term translocation data obtained
from rats. Toxicological studies aim to provide the biological plausibility of health effects
of ultrafine particles and to identify cascades of mechanisms that are causal for the grad-
ual transition from the physiological status towards pathophysiologcal alterations and
eventually chronic disease. Considering the interaction between insoluble ultrafine parti-
cles and biological systems (such as body fluids, proteins, and cells), there still are gaps
in the current knowledge on how ultrafine particles may cause adverse reactions. This pa-
per reviews the current concept of interactions between insoluble ultrafine particles and
biological systems.
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ULTRAFINE PARTICLE-LUNG INTERACTIONS

INTRODUCTION

OR ABOUT A DECADE, epidemiological studies

have indicated associations between exposure
to increased concentrations of ambient fine and
ultrafine particles and adverse health effects in
susceptible individuals.'”” Cardiovascular effects
observed in epidemiological studies triggered the
discussion on enhanced translocation of ultrafine
particles from the respiratory epithelium towards
circulation and subsequent target organs, such as
heart, liver, and brain, eventually causing adverse
effects on cardiac function and blood coagulation,
as well as on functions of the central nervous sys-
tem.8 In addition, because of the high specific sur-
face area, ultrafine particles are attributed to have
specific toxicity, which might result in the induc-
tion of oxygen radicals and in the catalysis of
chemical reactions.”!! The dosimetry (including
deposition patterns in the different regions of the
respiratory tract and the biokinetic fate of ultra-
fine particles in the human body) is not fully un-
derstood.

Toxicological studies on the effects of ultrafine
particles aim to provide biological plausibility and
to understand particle interactions with proteins
and cells and to identify cascades of mechanisms
that are causal for the gradual transition from the
physiological status towards pathophysiology
and eventually chronic disease. This paper re-
views the current literature on the interaction be-
tween insoluble ultrafine particles and biological
systems (such as body fluids, proteins, receptors,
and cells), which may be involved in the mecha-
nisms of translocation of ultrafine particles from
the site of entrance into the body (respiratory sys-
tem) towards circulation and towards target or-
gans causing possible adverse health effects.

ULTRAFINE PARTICLES INTERACTIONS
WITH THE TRACHEO-BRONCHIAL
AIRWAYS EPITHELIUM

There is experimental evidence that not all par-
ticles deposited on the epithelium of human tra-
cheo-bronchial airways are cleared immediately
via the mucociliary transport to the larynx, but
remain for weeks or longer.'>13 This phenome-
non was studied by two experimental ap-
proaches: shallow aerosol bolus inhalation!4-16
and extremely slow inhalation.!”1 In both cases,
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particles are targeted to deposit as exclusively on
tracheo-bronchial airways as possible.

In the first experimental set-up, only monodis-
perse test particles are inhaled {as an aerosol bo-
lus at the end of a breath of filtered air). Deposi-
tion may be enhanced by a breathhold after
inhalation. An advantage of this methodology is
that any particle size, from ultrafine to super mi-
cron, can be administered. To assure exclusive de-
position on the tracheo-bronchial airways epithe-
lium, particles should not penetrate in a region
that may already be alveolated. So, the more shal-
lowly the aerosol bolus is administered, the higher
the probability of exclusive airway deposition.

The second methodology uses only monodis-
perse particles of 5-10 um in aerodynamic diam-
eter and makes use of extremely slow inhalation
flow rates (=50 mL/s)—usually at least one or-
der of magnitude less than normal breathing
flow—thus minimizing deposition due to im-
paction in large bronchial airways, but maximiz-
ing particle deposition in small bronchial airways
due to sedimentation, thereby prohibiting depo-
sition in alveoli.

Interestingly, the studies applying the aerosol
bolus technology clearly show that the long-term
retained fraction in the bronchial airways de-

pends on the physical size of the particles (Fig. 1). €

While this fraction is negligible for particles
of 6 um in physical size and above, it increases
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FIG. 1. The 24-h particle retention in the bronchial air-
ways after shallow bolus inhalation.'? Particles of differ-
ent types and densities were used: PSL [polystyrene], p =
1.05 g/cm?; Fe203 [iron oxide (Fe,O3)], p = 3.5 g/cm?;
FAP [fused aluminium silicate], p = 2.2 g/cm? PTFE
[Teflon], p = 2.2 g/cm3; In203 [indium oxide (InyO3)],
p =7.2 g/cm5; carbon, p = 2.3 g/cm?.
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steadily with decreasing diameter, such that 80%
of the deposited 30-nm ultrafine indium oxide par-
ticles are retained long-term.? Just recently, we
performed a pilot aerosol-bolus-inhalation study
during which carbonaceous 50- and 100-nm parti-
cles were inhaled to maximize deposition in the
bronchial airways.?! Since there was less than 25%
clearance during the first 24 h after inhalation, this
study confirmed the long-term retained fraction of
carbonaceous ultrafine particles, another particle
material, in the airways. These data have signifi-
cant impact on the dose of toxic or radioactive par-
ticles being deposited in the bronchial airways and
affecting airway epithelium. In fact, long-term re-
tention in bronchial airways was included into the
recent ICRP model of particle deposition and clear-
ance of the inhaled particles.!2

The reason for the delayed particle clearance
and its dependency on particle size is still under
debate. It was reported that the airway surface area
is not entirely covered with ciliated cells nor with
mucus, resulting in discontinuous transport of
mucus plugs or streams of plugs to the larynx, as
reviewed recently by Geiser et al.?2 Hence, parti-
cles may deposit directly onto non-ciliated cells of
the bronchial airway epithelium. In addition, be-
cause of their size, ultrafine particles are hypothe-
sized to have a higher probability of penetrating
between cilia. The direct contact of particles and
cell surfaces may lead to adhesion and uptake into
the cell. Furthermore, airway macrophages are
likely to phagocytize those particles. In fact, the ki-
netics of this long-term retention mechanism was
shown to be similar to that in the lung periphery
using 2-um ferromagnetic tracer particles.?®

The observed delayed clearance of ultrafine
particles leads to the fact that there is only a neg-
ligible fast-cleared fraction of ultrafine particles
after tidal breathing, although this breathing pat-
tern will result in both bronchiolar and alveolar
deposition. Based on model consideration, bron-
chiolar deposition should account for about
20-30% of total deposition.!>?* Indeed, we have
confirmed that there is negligible fast clearance
within 24 and 72 h after inhalation in another
study after tidal breathing of 100-nm carbona-
ceous particles; this was shown not only in
healthy adult subjects but also in asthmatic pa-
tients and in smokers.?

In a dog model, we confirmed the kinetic be-
havior of the long-term retained fraction as ob-
served in human bronchial airways after aerosol-
bolus-inhalation, and we proved at least partially
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the long-term retention of 2-um-sized particles in
the canine bronchial airways by morphological
analysis of particle locations.?® Morphologically
about 50% of the long-term retained particles were
found in the bronchial epithelium and the other
half in the alveolar epithelium. This may depend
on the experimental conditions (intubation in the
dog study) and on morphological differences be-
tween the human and canine lung structure, lead-
ing to different ventilation conditions.

However, the observed long-term UFP reten-
tion in human and e airways does not or
only negligibly occursin rats. After inhalation of
15-20-nm and 80-nm ultrafine iridium particles
by endotracheally intubated and ventilated rats,
we observed that 30% and 20%, respectively, of
the totally deposited particles in the thorax were
rapidly cleared from the lungs.?”28 These rapidly
cleared fractions correspond reasonably well to
deposition estimates in rats based on earlier data
and theoretical calculations.?*? Ongoing studies
on adult mice demonstrate a similar pattern to
that of the rats. Hence, there is a clear-cut differ-
ent clearance pattern of UFP in the bronchial air-
ways of rats and mice when compared to that of
humans and dogs.

Since fewer studies on large animal species,
particularly in dogs and monkeys, have been per-
formed in recent times (due to ethical as well as
financial reasons) and more studies on rodents
will be carried out in the future, these interspecies
differences in size-dependent particle clearance
need to be taken into account when performing
data extrapolation from rodents to humans for
human dose estimate and risk assessment.

ULTRAFINE PARTICLES ARE LESS
PHAGOCYTIZED BY ALVEOLAR
MACROPHAGES AND DISAPPEAR
FASTER FROM THE ALVEOLAR
EPITHELIUM THAN MICRON-SIZED
PARTICLES

When inhaled UFP deposit on the epithelial
surface area of the peripheral lungs, they contact
the surfactant layer and the underlying epithelial
lining fluid (ELF).?2 Hence, they interact imme-
diately with proteins and other biomolecules of
ELF, including opsonins.

According to the larger number concentration
of UFP in the ambient aerosol (usually exceeding
more than one to two orders of magnitude when
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compared to the concentration of fine particles),
there will be many more deposited UFP spread
over the surface of an alveolus. This is likely to
lead to a scattered chemoattractant signal, result-
ing in less recognition and subsequently less
phagocytosis by alveolar macrophages (AM),
when compared to fewer micron-sized particles
coated with relatively more opsonin molecules on
their surfaces. In contrast, rapid phagocytosis of
micron-sized particles is well documented, based
on opsonin-directed migration of AM towards
the particle.31-33

To study phagocytosis of UFP and micron-
sized particles, we have performed exhaustive
broncho-alveolar lavage of rat lungs 24 h after a
1-h inhalation of ultrafine iridium particles radio-
labeled with 192Ir (192Ir-UFP were either 15-20 nm
or about 80 nm in size, geometric standard devi-
ation 1.6), and compared this to the data of
Oberdorster et al., who had exposed rats to poly-
styrene particles of 0.5, 2, and 10 wm in size®?’).
Only about 20% of the retained UFP were lavage-
able out of the lungs, and more than 90% of these
were associated with alveolar macrophages. In
contrast, 24 h after inhalation, the lavageable frac-
tion was about 80% of the retained particles for
the 0.5-um as well as the 2- and 10-um sized poly-
styrene particles. The lavaged micron-sized par-
ticles were also mostly associated with alveolar
macrophages as expected. Since the number of
lavaged AM was similar in both cases, these find-
ings suggest that (a) significantly less UFP had
been phagocytized in the previous hours and (b)
that most of UFP were not accessible for lavage.
The fact that we did not find a substantial frac-
tion of free UFP in the lavage fluid may be in-
dicative that these UFP had already disappeared
from the luminal side into and beyond the ep-
ithelium, as was demonstrated by morphologic
studies on ultrafine TiO, and silver particles.3435
So, these studies support the concept that UFP
are less likely to be phagocytized by AM and re-
side only a short time on the luminal side of the
rat alveolar epithelium.

ULTRAFINE PARTICLES INTERACTIONS
WITH THE ALVEOLAR EPITHELIUM
Complexes of UFP and proteins

When inhaled particles deposit on the epithelial
surface of the peripheral lungs, they will first con-
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tact with and, therefore, most likely interact with
proteins and biomolecules of the epithelial lining
fluid (ELF) such that they may form UFP—protein
complexes. There is little known about the behav-
ior and fate of such particle-protein complexes.3®
However, evidence was found that these com-
plexes may be protein specific, depending on the
UFP composition and surface structure.” An im-
portant difference between micron-sized particles
and UFP is the fact that, in the former case, these
proteins are immobilized on the surface area of the
micron-sized particle, which may be phagocytized
by alveolar macrophages within the next few
hours.3! However, the UFP-protein complexes
may or may not interact with receptors of other
cells, like the epithelial cells type I in their direct
vicinity, making them less or even more accessi-
ble to the phagocytic system. In fact, the complex
of the UFP and the protein may not be much larger
than the size of the protein itself, such that the fate
of the protein may determine the fate of the com-
plexed UFP, resulting in potentially different path-
ways of metabolism of selected UFP. As a result,
some particles may be retained simply on the ep-
ithelial surface; others may penetrate the epithelial
barrier, providing access to interstitial spaces. Con-
sequently, the specificity of binding allows for spe-
cific metabolic fates of such complexes. Depend-
ing on the complexing protein, some UFP may find
passage into systemic circulation, opening access
to various organs of the cardiovascular system,
and eventually to other organs, such as the central
nervous system; note that we have found a small
fraction of ultrafine iridium particles in the brain,
similar to that in other target organs after thoracic
ventilation.?” Since the nasal passages were by-
passed, transnerval passage from the olfactory ep-
ithelium into the brain was excluded; hence, in this
case, the iridium UFP had been translocated to the
brain via circulation. In any case, in the circulation,
such complexes can interact with other proteins or
with immuno-competent cells, like T- and B-lym-
phocytes, or mononuclear as well as polymor-
phous-nucleated granulocytes, giving rise to im-
munological signals and responses. In addition,
those complexes may simply prevent phagocyto-
sis of the otherwise very efficient defence line of
macrophages in liver and spleen, allowing for
much longer times of circulation.

We just recently showed that different ultrafine
test particles—titanium dioxide, silica, and ele-
mental carbonaceous particles (Printex 90)—bind
to a variety of proteins of rat ELF collected by



78

broncho-alveolar lavage and rat serum, such as
albumin.?” Interestingly, we observed proteins
such as albumin binding to each of the test par-
ticles used, as well as other proteins binding
specifically to a selected particle type, and not or
less to the others.

Short-term translocation towards circulation and
uptake into secondary target organs

Conflicting results have been reported about
the fractions of translocated UFP from the lung
epithelium towards circulation and accumulation
into secondary target organs. More recent data
demonstrate that systemically translocated frac-
tions are below 5% of the deposited UFP dose in
the lungs after a single exposure. This is con-
firmed in rats?”? and humans.?>-8 Particularly in
the rat studies that we performed using ultrafine
iridium particles, we demonstrated completely
balanced metabolic studies with respect to the
distribution of the radio-labeled particles in all or-
gans and tissues, as well as in excretion, but also
distinguished the metabolic fate of solubilized ra-
dio-tracer from that bound firmly to UFP. By that
methodology, we were able to determine minute
UFP fractions translocated not only to liver and
spleen, but also to the heart and even to the brain.
Such quantitative studies were not possible in
humans, but the fact that there was virtually no
clearance, though much care was taken to tightly
bind the radio-tracer to the UFP, underlines the
limited translocation of these UFP.

Excretion analysis provides an upper estimate
of the systemically translocated UFP fraction of
<1-5% of the deposit for the carbonaceous and
iridium test particles used. However, it needs to
be emphasized that other materials (and, partic-
ularly, those with other surface composition and
structures) may behave differently. Such insight
may be taken from a very recent study,’*4? in
which ultrafine titanium dioxide (TiO,) particles
were produced basically by the same method as
the iridium particles yielding primary particles of
about 5 nm very similar to those of iridium. TiO,
agglomerates were inhaled by endotracheally in-
tubated and ventilated WKY rats and the lungs
were morphometrically studied in great detail
immediately after the 1-h inhalation and 24 h later
to determine the location of the retained TiO, par-
ticles within the various cells and lung compart-
ments. Interestingly, a fraction of 10% of the an-
alyzed particles was found at each time point
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in the vascular compartment, including the en-
dothelium and the vascular lumen indicating a
rapid particle translocation towards vasculature
which was obviously not the case after the in-
halation of iridium particles.

Earlier data suffered from the fact that (1) ei-
ther the radio-label was not tightly bound to the
UFP matrix resulting in severe difficulties to-eis-

ishy rapid tracer translocation from rapid
UFP translocation (2) or selected sample analysis
without a quantitative determination of a bal-
anced kinetics analysis (hamster, Nemmar et al.*!;
human, Nemmar et al.*2; human, Brown et al.35;
rat, Takenaka et al.?%).

To exemplify the importance of stable radio-la-
belling of the particles we compare two whole

body gamma camera scans (Fig. 2): the first (Fig. <€

2A) was taken from the human study of Nemmar
et al.*2 at 1 h after inhalation of *™Tc-labeled car-
bonaceous particles generated with a Technegas
generator under standard conditions (particle
size > 100 nm) used in hospitals presuming a sta-
ble labelling. The second (Fig. 2B) was taken one
hour after inhalation of soluble *™Tc-sodium-
pertechnetate aerosol particles, the latter were ob-
tained by nebulizing a 9™Tc-pertechnetate-saline
solution with a medical nebulizer. In the latter
scan, the #™Tc lun% y__ vity had greatly disap-
peared iver’ and accumulations in the
bladder, thyroids, and salivary glands are clearly
visible, as expected to be the target organs of sol-
uble #™Tc-pertechnetate molecules; in addition,
the visible contour of the body is indicative of
the large fraction of *™Tc activity circulating in
blood.*? Serial blood samples confirmed-high ac-
cumulation of *™Tc in body fluid (b and
a retarded clearance via urine (half-life of 4-5

days). In contrast, the former whole body scan €

(Fig. 2A) clearly shows the ™Tc¢ activity in the
lungs indicative of substantial *“™Tc-labeled par-
ticle retention. However, it also shows similar ac-
cumulations in the same organs as in Figure 2B,
indicating the results of the metabolism of solu-
ble #"Tc-pertechnetate. Because of the predom-
inance of the metabolism of the solute it appears
very difficult to distinguish between transloca-
tion of the soluble tracer and the ultrafine car-
bonaceous particles.

While labeling the matrix of carbonaceous UFP
with the stable isotope 13C seems ideal,* it is lim-
ited by the fact that endogenous 3C is abun-
dantly available at a ratio of 1,124 + 0.006% of 12C
in all biological materials® (¢http://deuterium.
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ULTRAFINE PARTICLE-LUNG INTERACTIONS

[ anternor

FIG. 2. (A) Whole bo mma camera scan (anterior)
of inhaled 99mTC—T€ChﬂEl h after inhalation) from the
study of Nemmar et al.** (B) Whole body gamma camera
scan (anterior) of inhaled *™Tc-sodium-pertechnetate
(1 h after inhalation), and distribution in the body and ac-
cumulation in the different organs.

nist.gov/standards.html)). Hence, deposition of
13C labeled UFP of a tenth of the endogenously
abundant 13C in the lungs of rats requires rather
stable ratios of 1*C/12C and precise knowledge of
the carbon content not only in the lungs but also
in all other organs to be analyzed for translocated
13C labeled UFP, and provides a potential source
of error. As a result isotope tracer studies provide
reasonable results, particularly, when their limi-
tations and potential sources of errors are care-
fully considered.

However, the picture of systemic particle
translocation is more complicated as mentioned
above by the morphometric TiO, study®*4? and
evidenced by other sets of data of other health
relevant outcomes as discussed next. Nemmar et
al. introduced a very interesting model on ex-
perimentally induced thrombus formation in a
peripheral hamster vein.**4” They were able to
show that particles either injected intravenously
into circulation or instilled intratracheally into the
lungs will lead to photochemically induced for-
mation of a thrombus in veins and arteries when
illuminated with green laser light. For analytical
quantification they measured the size of an arti-
ficially induced thrombus in hamsters after a pre-
set time. When 506, ug of ultrafine 60-nm poly-
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styrene-test particles (PSL) with positive surface
charge (positive zeta potential) were either in-
tratracheally instilled into the lungs or intra-
venously injected, the size of the thrombus was
clearly increased compared to a control group.
PSL intratracheally instilled showed slightly less
thrombus formation (by about a factor of three
to four) than the intravenously injected PSL. In
contrast, neither 400-nm large-sized, positively
charged PSL, nor negatively charged, carboxy-
late-coated ultrafine 60-nm sized PSL, nor un-
modified ultrafine 60-nm sized PSL led to en-
hanced thrombus formation. In addition, they
demonstrated in vitro that hamster platelets
showed increased aggregation—the basic mech-
anism underlying thrombus formation—when
co-incubated with as little as 3 ug/mL positively
charged PSL.#” The results of the ultrafine posi-
tively charged particles on thrombus formation
were confirmed recently by another group which
had modified the experimental setup slightly us-
ing a rat model.*® Already in 1977, Berry et al.
found 30-nm-sized gold particles in circulating
platelets of rats within 30 min after intratracheal
instillation into rats (note, however, that no quan-
titation of the systemically translocated gold
particles relative to the instilled particles was
given).* More evidence on thrombogenic effects
of ultrafine carbonaceous particles comes from
the study of Khandoga et al.’*® who documented
fibrinogenic deposits, increased platelet accumu-
lation and von-Willebrandt factor expression on
the endothelium of the liver after intravenous ad-
ministration of those particles.

Nemmar et al. conclude: the positively charged
PSL particles were first translocated into circula-
tion and subsequently the negatively charged
platelets were activated by the positively charged
PSL particles to aggregate.® Questions remain
how and to which extend the particles have
crossed the air-blood barrier? This elegant set of
data clearly provides a number of evidences for
translocation of positively charged ultrafine par-
ticles across the air-blood-barrier, although the
translocated PSL particles are only evidenced by
their thrombogenic effect without direct quanti-
tative particle determination in the circulation.
The same concern holds for their studies show-
ing enhanced experimentally induced thrombus
formation after either intratracheal instillation or
intravenous injection of standardized Diesel ex-
haust particles (DEP).#” They clearly observed the
functional change as an indicator for an impor-
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tant adverse health effect, but they only extrapo-
late the presence of particles at the location of
laser-induced thrombus formation.

Therefore, more quantitative research is re-
quired to fill in the currently open gaps of knowl-
edge: important questions regarding the translo-
cation of particles into circulation are:

1. Why was platelet activation only increased by
a factor of three to four after intravenous in-
jection when compared to intratracheal ad-
ministration?

2. In humans, classical pathology never has re-
ported such particle loads in secondary target
organs under physiological conditions while
the increasingly blackening lungs with in-
creasing age of smokers are well documented
in many text books since more than a century.
Particles in the liver and other organs of the
reticuloendothelial system have been reported
in coal ming and asbestos workers,?152 but
only in those with long exposure times and
high lung burdens of the materials. In these
studies it was suggested that the route of
translocation was via the lymphatic system
and not via the blood circulation.

3. What is the role of the positive surface charge
or the amino-coating of PSL particles and is it
likely that DEP with an unknown surface
charge translocates into circulation similarly
rapid? Our measurements of zeta potential of
various carbonaceous test particles including
NIST standard Diesel Exhaust particles
(SRM1650a) obtained from controlled com-
bustion processes always revealed a negative
zeta potential.

4. A possible mechanism triggered by upregula-
tion and induction of cytokines or other cellu-
lar induced mediators released in the lungs
and activating platelets subsequently seems to
be unlikely, considering the rapid onset of the
observed thrombus formation within minutes
after application. This is in contrast to the time
constants of upregulation and induction of
cellular processes of several hours. Hence, the
mechanism of platelet activation, either di-
rectly by systemically present UFP or indi-
rectly, remains to be studied in greater details.

Recently, Heckel et al.>® investigated reverse
transport mechanisms of 8 nm sized gold parti-
cles coated with autologous albumin from the
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capillary vasculature to the luminal side of the
alveolar epithelium of an endotoxin-triggered
rabbit model of inflammation. They observed
paracellular particle transport through inter-en-
dothelial junctions, as well as trans-cellular trans-
port via caveolae through endothelial and ep-
ithelial type I cells. Interestingly, these particle
transport pathways were nefobserved in control
rabbits without endotoxin-triggered inflamma-
tion. At the same time it shows that nanoparti-
cles coated with the appropriate serum protein
can rapidly be translocated across a membrane;
particularly, when there is protein gradient be-
tween the two sides of the barrier. It remains open
whether these albumin-modulated para- and
transcellular pathways are important in the hu-
man lungs in the reverse direction when an in-
haled particle deposited on the alveolar epithe-
lium is translocated into blood circulation.

Particularly, the latter study emphasizes that
the particle surface and coating may play a cru-
cial role as discussed above regarding UFP-pro-
tein complexes (e.g., UFP of any matrix coated
with a particular ligand may interact specifically
with proteins or cellular receptors of epithelial or
endothelial cells), such that enhanced particle
translocation may occur across the alveolar air—
blood barrier or other membranes.

Long-term translocation towards circulation and
uptake into secondary target organs

Even if there is only a small fraction of UFP
which translocates within a few days after in-
halation into circulation and eventually accumu-
lates in secondary target organs, this process may
be continuous, such that even small continuously
translocated particle fractions into circulation may
result in accumulating loads in secondary target
organs. To analyze long-term translocation kinet-
ics we recently extended our previous transloca-
tion studies after a single one-hour inhalation of
15-20-nm-sized radio-labeled iridium particles
and followed clearance as well as translocation ki-
netics over a period of 6 months.?® To quantita-
tively determine the kinetics we collected total ex-
cretion over the entire period to allow for a
complete balance of iridium UFP excretion and
distribution in the whole body of each individual
rat, and killed groups of rats at increasing time in-
tervals. Actually we found a maximum accumu-
lation of iridium UFP in each target organ about
one week after inhalation: liver, spleen, kidneys,
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heart and brain. In each organ maximum was
0.1-0.5% of the deposited UFP mass. However,
thereafter the load in each target organ declined
to less than 0.01-0.05% but remained clearly de-
tectable.

Dosé estimate of UFP accumulation in secondary
target organs during chronic UFP exposure

Taking this long-term kinetics after a single ex-
posure into account we can estimate long-term
accumulation in rat secondary target organs dur-
ing a year-long chronic exposure based on the re-
sults obtained from the tested UFP (insoluble irid-
ium) used in our studies. Applying the 6-month
rat translocation data to the continuous exposure
would result into accumulation of about 0.01-
0.05% of each daily lung dose in each of the an-
alyzed target organs, corresponding to about
4-20% of the daily deposited lung dose after one
year. Applying this approach to human exposure
requires great caution as indicated by other
species differences observed between rodents
and man. Therefore, this exercise of extrapolating
rat translocation data to human may only be con-
sidered to represent a rough estimate. The daily
dose of insoluble UFP to a human lung can be es-
timated to be 3 X 10° UFP/day based on the fol-
lowing assumptions: 1 X 103 insoluble UFP per
cm?, daily inhaled gas volume 1 X 10* L/day by
an adult human and a deposited fraction of 0.3
of the inhaled UFP concentration in the periph-
eral lungs. Based on these assumptions 1-6 X 108
UFP would have accumulated in each secondary
target organ during one year of continuous ex-
posure. This compares to a much higher lung
dose of 3 X 10! UFP during one year exposure,
assuming about 70% clearance of these insoluble
UFP from the lungs.!® Again we have to point out
that the estimate is derived from single exposure
rat data under physiological conditions in which
translocation biokinetics was very low. Other
materials may be translocated differently and
translocation in humans may be governed by dif-
ferent biokinetics.

Although the accumulated doses to secondary
target organs are two to three orders of magni-
tude less when compared to the lung dose, the
estimated particle numbers are indeed not negli-
gible. Whether these particle numbers and also
their total surface area are of biological/toxico-
logical relevance needs further investigations.
Considering the insoluble fraction of ambient ul-
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trafine carbonaceous particles being inhaled con-
tinuously by each individual, this estimate high-
lights that not only the elemental carbon load in
the lungs increases with age but also the ele-
mental carbon loads in the secondary target or-
gans. Note, in the lungs insoluble particles of all
sizes (not being cleared) accumulate while in sec-
ondary target organs only the ultrafine particles
accumulate. While the number of 1-6 X 108 of
these particles is substantial the mass is rather
low in the range of 1-10 ng. Because of this low
mass, it is not surprising that particulate uptake
has not been documented in secondary target or-
gans in previous literature, except in cases of very
high exposures over long time periods, where
particle uptake in liver was documented,®°? as
discussed above.
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