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Recently it was speculated that ultrafine particles (UFP) may translocate from deposition sites in
the lungs to systemic circulation and whether long-term clearance differs between ultrafine and
micrometer-sized particles. We have studied lung retention and clearance kinetics in 12 healthy
male adult WKY rats up to 6 mo after an inhalation of 192Ir-radiolabeled, insoluble, ultrafine 15-
to 20-nm iridium particles. Whole-body retention was followed by external gamma counting,
and particle clearance kinetics were determined by excretion radioanalysis. Four rats each
were sacrificed after 3 wk and 2 and 6 mo; all organs as well as tissues and the carcass were
radioanalyzed to balance the entire deposited radioactivity of the particles. The most prominant
fraction was retained in the lungs at each time point of sacrifice (26%, 15%, 6%, respectively),
and clearance out of the body was solely via excretion. Extrapulmonary particle uptake did not
continue to increase but decreased with time in liver, spleen, heart, and brain when compared
to previous data obtained during the first 7 days after inhalation (Kreyling et al., 2002). UFP
long-term lung retention derived from whole-body measurements was comparable to previously
reported data using insoluble micrometer-sized particles (Bellmann et al., 1994; Lehnert et al.,
1989). In addition, differential analysis including daily excretion data revealed a pattern of
fractional particle clearance rate of the ultrafine iridium particles similar to that of micrometer-
sized particles reported by Snipes et al. (1983) and Bailey et al. (1985).

Recent epidemiological studies provide evidence that an in-
crease in ultrafine particles is associated with adverse cardio-
vascular effects (Wichmann et al., 2000; Wichmann & Peters,
2000; Ibald-Mulli et al., 2002). These findings pertain not only
to elderly people but also to susceptible persons with under-
lying diseases of various origins (U.S. EPA, 1996). Currently
there is concern about translocation of ultrafine particles (UFP)
from the lungs into systemic circulation and uptake in transpul-

Received 21 July 2003; sent for revision 17 August 2003;
accepted 2 October 2003.

Address correspondence to Dr. Manuela Semmler, GSF National
Research Center, Institute for Inhalation Biology, Ingolstaedter Land-
str. 1, D-85764 Neuherberg/Munich, Germany. E-mail: semmler@
gsf.de

monary organs causing adverse cardiovascular effects. While
there are conflicting reports about short-term translocation and
accumulation in the liver ranging in human studies from about
7% (Nemmar et al., 2001) to <1–2% (Brown et al., 2002) and
in animal studies from about 50% (Oberdörster et al., 2002) to
0.5% (Kreyling et al., 2002), nothing is known about long-term
translocation and whether clearance kinetics of ultrafine parti-
cles differ from that of larger particles, as one may expect from
differing clearance mechanisms for micrometer-sized particles
versus UFP.

Translocation pathways of UFP are assumed to be differ-
ent from those of larger particles (>100 nm diameter); for
example, lung retention and clearance of UFP are less alve-
olar macrophage-mediated than are those of larger particles
(Kreyling & Scheuch, 2000). Although alveolar macrophages
do not phagocytize a prominent fraction of UFP—as they do in
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the case of particles larger than 100 nm—they are still involved
in phagocytic and pinocytic processes of UFP uptake and se-
cretion of mediators (Kreyling & Scheuch, 2000; Donaldson
et al., 2001).

A common approach to investigating the dosimetry of par-
ticles in the lungs is the use of metal or metal oxide particles
labeled with a convenient radioactive gamma emitter (Kreyling
& Scheuch, 2000). 192Ir-UFP turned out to be an appropriate
material to study clearance kinetics, although we are aware that
iridium is not a relevant component of the ambient aerosol. In
a prior study (Kreyling et al., 2002), a predominant retention
of ultrafine insoluble 192Ir particles was shown in the lung for
1 wk after inhalation. The UFP deposited in both the conducting
airways and lung periphery were predominantly cleared via air-
ways and larynx into the gastrointestinal tract (GIT) and feces.
There also was a small but detectable fraction translocated to
secondary target organs (liver, spleen, heart, brain, <1%) and
carcass (<5%).

The first aim of this follow-up study was to determine
whether translocated fractions in secondary target organs con-
tinue to increase. To focus the analysis on the kinetics of par-
ticle translocation from the lungs, we attempted to avoid pelt
contamination and particle deposition in extrathoracic airways.
Therefore, ultrafine iridium particles radiolabeled with 192Ir
were inhaled by rats via intratracheal intubation. Second, we
aimed to study whether there is a difference in long-term par-
ticle clearance towards the larynx and GIT between ultrafine
insoluble 192Ir particles and micrometer-sized particles. Ferin
et al. (1992) and Oberdörster et al. (1994) also had shown the
uptake of 20-nm ultrafine TiO2 particles in epithelial cells and in
the interstitial space. More recently, Takenaka et al. (2003) had
shown that ultrafine Ag particles translocated from the lumi-
nal side into and beyond the epithelial membrane of the lung,
including uptake in type I epithelial cells, endothelial cells,
and the alveolar septum. In contrast, micrometer-sized parti-
cles were shown to stay retained on the epithelium (Lehnert
et al., 1989). The different sites of retention led us to hypoth-
esize that long-term clearance kinetics should differ between
UFP and micrometer-sized particles.

MATERIAL AND METHODS

Animals
Young, adult, healthy, male Wistar-Kyoto rats (WKY/Kyo@

Rj rats, Janvier, France) were housed in pairs in a humidity-
controlled (55% relative humidity) and temperature-controlled
(22◦C) room in individually ventilated cages (VentiRack, cage
type CU-31), maintained on a 12-h day/night cycle prior to the
studies. Laboratory animal diet and water were provided ad li-
bitum. The studies were conducted under federal guidelines for
the use and care of laboratory animals and were approved by
the Regierung von Oberbayern (District of Upper Bavaria, ap-
proval number 211-2531-108/99) and by the GSF Institutional
Animal Care and Use Committee.

Aerosol Production and Characterization
The ultrafine 192Ir aerosol was produced with a spark gener-

ator as described previously (Kreyling et al., 2002). The spark
frequency was 3 Hz in an argon stream of 3 L min−1; the aerosol
was neutralized by a radioactive 85Kr source. The aerosol then
was diluted with nitrogen and adjusted to 20% oxygen, 50–
60% relative humidity, and 37◦C. This created an aerosol with
a number concentration of 3 × 107 cm−3 (continuously mon-
itored by a condensation particle counter; CPC 3022A, TSI,
Aachen, Germany) and a count median diameter (CMD) vary-
ing between 15 and 20 nm (continuously determined with a
differential particle mobility analyzer; Classifier 3071 + CPC
3010, TSI, Aachen, Germany). Specific iridium activity was
10 GBq g−1 at reference date. Mass concentration was calcu-
lated to be 0.2 mg m−3 from the radioactivity measurement of
an integral filter sample and the sampled aerosol volume.

Inhalation
Young adult healthy male WKY/Kyo rats (∼250 g body

weight) were anesthetized by an intramuscular injection of a
mixture of Medetomidin (15 µg/100 g body weight), Midazo-
lam (0.2 mg/100 g body weight), and Fentanyl (0.5 µg/100 g
body weight). For endotracheal intubation a flexible cannula
(16 G, 2 in) was placed in the upper trachea under visual con-
trol and sealed against outside air with a modified pipette tip
wedged gently into the laryngeal opening (Kreyling et al., 1993,
2002; Osier & Oberdörster, 1997). The animals were placed in
a plethysmograph and connected with the endotracheal cannula
to the aerosol line outside of the plethysmograph. Ventilation
was computer controlled with a negative pressure of −1.5 kPa
applied to the plethysmograph for 1 s of inspiration followed by
0.5 s expiration at ambient air pressure, resulting in a breathing
frequency of 45 min−1. This ventilation pattern caused inspira-
tion of 75–80% of total lung capacity of the rat, so animals were
slightly hyperventilated and did not breathe spontaneously but
followed the computer-controlled breathing pattern. For radi-
ation protection the entire aerosol system was maintained at
−30 Pa low pressure and additionally installed in a glove box,
which was highly ventilated through an absolute particle filter.

After 1 to 1.5 h of inhalation, depending on the anticipated
deposited UFP dose, anesthesia of the animals was antagonized
by a subcutaneous injection of a mixture of Atipamezol (0.075
mg/100 g body weight), Flumazenil (20 µg/100 g body weight),
and Naloxon (10 µg/100 g body weight).

Retention and Clearance
UFP clearance. After exposure, rats were maintained in

metabolic cages for the first 7 days, and afterward they were
singly housed in individually ventilated cages (VentiRack, cage
type CU-31). Excreta were collected quantitatively throughout
the study; during wk 1 daily urine and feces samples were col-
lected separately and stored frozen until radioanalysis; later on,
urine and feces samples were collected together with the cage
bedding for periods of 3 days and up to 7 days.
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LONG-TERM CLEARANCE OF ULTRAFINE IRIDIUM PARTICLES 455

Terminal retention and distribution in organs. At time
points of 3 wk and 2 and 6 mo after inhalation, rats were
killed by exsanguination after an intraperitoneal anesthesia
with ketamine (100 mg/100 g body weight) and xylazine
(0.5 mg/100 g body weight). Then all organs, samples of
skin, muscle, and bones, and the remaining carcass were taken
separately and stored frozen until radioanalysis. A complete
balance of 192Ir activity retained in the body and cleared by
excretion out of the body was quantified by gamma spec-
troscopy in a 1-L well-type scintillation detector (Kreyling
et al., 1988, 1993). Hence, total activity represents the deposited
activity.

Bronchoalveolar lavage. A bronchoalveolar lavage (BAL)
was performed applying 6 times 5 ml phosphate-buffered saline
without Ca2+ or Mg2+ under gentle massage of the thorax. The
recovered BAL fluid (about 90% of instilled saline) was cen-
trifuged at 500 × g, 20 min and 20◦C, to divide the fluid into
lavaged cells and supernatant. The total number of lavaged
cells were acquired with a hemocytometer by a dilution of
the spun-down cells and trypan-blue staining. Cytocentrifuged
slide preparations of the lavaged cells were done for each sac-
rificed animal and stained with Diff-Quik.

Whole-body retention. Starting 3 days after exposure,
whole-body retention was detected in a rodent whole-body
gamma-spectroscopy counter for animals allocated to 2 and
6 mo of observation time. Intervals between measuring time
points increased from 2 days to 2 wk with increasing retention
time. Data were decay and background corrected and normal-
ized to particle retention 3 days after inhalation.

Comparison With Micrometer-Sized Particles
Normalized to day 3 after 192Ir UFP inhalation, measured

whole-body retention was basically equal with lung retention
as shown previously by Kreyling et al. (2002). Data from each
animal were fitted with a function of two exponential terms.
192Ir lung retention data were compared with two data sets for
lung retention of micrometer-sized particles: (1) long-term lung
retention data observed in Fischer 344 and Wistar rats after in-
halation of 85Sr-labeled polystyrene particles of about 3.5 µm
size (Bellmann et al., 1994), and (2) lung retention data ob-
served in Fischer 344 rats intratracheally instilled with 2.1-µm
fluorescent, carboxylated, polystyrene microspheres (Lehnert
et al., 1989). In addition, the kinetics involving long-term frac-
tional excretion rates (FER) were determined for each animal by
daily excreted fractions normalized to the actual lung retention,
estimated by lung retention fit function as already described.
For all examined animals these fractional rate data were also
fitted with a function of two exponential terms and were com-
pared with that of long-term fractional excretion rates obtained
from studies using monodisperse micron-sized radio-labeled
fused aluminosilicate particles (FAP) by Bailey et al. (1985)
(1.2 µm) and calculated by Kreyling (1990) and using radio-
labeled FAP of three different sizes: 0.5, 1.0, and 1.9 µm by
Snipes et al. (1983).

RESULTS

Retention and Clearance
Deposition. Due to endotracheal intubation, there was nei-

ther extrathoracic particle deposition nor pelt contamination.
Short-term retention/clearance data until 7 days after inhala-
tion have been presented previously (Kreyling et al., 2002).
For rats exposed to 15-nm particles and long-term studied, de-
posited 192Ir doses at the reference time point are shown in
Table 1. The specific activity of the particles was 10 GBq g−1

mass. Depending on the planned observation time, animals were
loaded with different lung burden (time of inhalation 1–1.5 h),
to get optimal samples with sufficient count rates in the 1-L
well-type scintillation detector for every checked time point.
Previously, we have shown that the ultrafine 192Ir-labeled irid-
ium particles were virtually insoluble; therefore, radioactivity
measurement is proportional to the mass of the ultrafine iridium
particles.

Lung retention and clearance. Even 6 h after inhalation,
a mean fraction (± standard deviation, SD) of 0.18 ± 0.05 of
the deposited 15-nm particles was already cleared into the gas-
trointestinal tract. After 3 wk, 0.31 ± 0.05 of the deposited UFP
is retained in the lungs; 2 and 6 mo after inhalation the retained
fractions were 0.17 ± 0.03 and 0.07 ± 0.01, respectively. These
lung data were the sum of measured lung and BAL fractions
from each sacrificed animal (Figure 1).

At any time, ultrafine particles were cleared predominantly
from the lungs via the gastrointestinal tract into feces, as shown
by the cumulative daily excretion in Figure 1. After 6 mo, 92%
of the deposited fraction was cleared out of the lung and excreted
(Figure 1).

Bronchoalveolar lavage. A substantial part of the de-
posited iridium particles is likely to be lavaged from the
peripheral lungs (Figure 1). Immediately after inhalation the
mean lavagable particle fraction (±SD) was 0.46 ± 0.05 of the
deposited material, but decreased with time to 0.05 ± 0.003
after 3 wk, 0.008 ± 0.002 after 2 mo, and 0.005 ± 0.002 after
6 mo (Figure 1).

TABLE 1
Deposited lung burden in kBq and the corresponding

deposited Ir mass

Observation time

Parameter 21 days 60 days 168 days

Deposited 192Ir 3.5 ± 0.6 58.7 ± 7.6 112.1 ± 17.1
activity in the
lungs (kBq), mean
± SD; n = 4

Deposited 192Ir mass 0.35 ± 0.06 5.88 ± 0.76 11.21 ± 1.71
in the lungs (µg),
mean ± SD; n = 4
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FIG. 1. Retention and excretion during 6 mo after a single 1-
to 1.5-h inhalation of 15-nm 192Ir UFP, count median diameter.
Cumulative excretion averaged over all rats as described in the
Methods section. Note lung retention data are the sum of mea-
sured lung and BAL fraction from each sacrificed animal. At
each time point, data obtained from four rats are averaged and
error bars are standard deviation.

Long-Term Translocation to Secondary Target Organ
As previously described (Kreyling et al., 2002), there was

a very small but detectable iridium UFP fraction translocated
to secondary target organs like the liver, spleen, brain, and kid-
neys of about 0.002 each. For these secondary extrapulmonary
organs, a peak was found at day 7 after inhalation. Long-term

FIG. 2. Translocated fractions into secondary target organs
during 6 mo after inhalation of 15-nm 192Ir UFP. Large error bars
resulted from low count rates obtained from studies performed
several months after receipt of the radioactive iridium rods when
the actual 192Ir radioactivity had decayed 4–6 decay half-times.
At each time point, data obtained from four rats are averaged
and error bars are standard deviation.

retention data in this article show that no further accumulation
occurred, but a net clearance from these target organs was found
with time and decreased close to the level of detection limit
(Figure 2). As shown in the previous investigation (Kreyling
et al., 2002), the iridium UFP were virtually insoluble. To dis-
tinguish between the soluble and particulate fraction, we per-
formed the same analysis as previously and confirmed that we
always were able to detect a particulate fraction even though it
decreased with time.

Lung Retention of UFP Versus Micrometer-Sized Particles
Whole-body retention of 192Ir of the animals sacrificed 2

and 6 mo after inhalation was assessed using a rodent whole-
body counter. The measured activity corrected for radioactive
decay was set as iridium retention in the lungs, because it was
known from earlier studies by Kreyling et al. (2002) that vir-
tually all radioactivity in the body was retained as UFP in the
lungs (Figure 3). In addition, organ and tissue analyses at each
time point confirmed predominant lung retention.

In order to prove whether ultrafine particles follow different
kinetics of lung retention, we compared our data with rat lung
retention data obtained from insoluble 85Sr-labeled micrometer-
sized 3.5-µm polystyrene particles (85Sr-PSL) published pre-
viously (Bellmann et al., 1994). In a series of several studies,
these authors had found a range of long-term retention rates
in lungs of Fischer 344 rats to be between 0.009 day−1 and
0.012 day−1. Our measured lung retention data of the four rats
living during the whole observation period were fitted and the

FIG. 3. Lung retention data of inhaled 15-nm 192Ir UFP and
the fitted curve of this 192Ir UFP data from the 4 rats studied
during the whole observation period are compared with the fit-
ted curve of lung retention of instilled fluorescent, carboxylated
polystyrene microspheres (2.1 µm) according to Lehnert et al.
(1989) data. Data are averages obtained from all rats analyzed at
this time point, and error bars are standard deviation. Measured
data and fitted curves were normalized to the retained particle
burden at day 3 after inhalation.
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average long-term lung retention rate (±SD) for 192Ir UFP was
estimated to be 0.007 ± 0.0005 day−1, representing a half-life
of 98 ± 6.7 days; short-term lung retention 3 days after inhala-
tion was determined to be 0.07 ± 0.02 day−1, for a half-life of
9.3 ± 2.4 days. Therefore, analysis of the kinetics of long-term
iridium UFP retention in the WKY rat lungs beginning with
day 40 revealed no difference to that of micrometer-sized par-
ticles. Since no short-term retention kinetics was reported for
the micrometer-sized 85Sr-PSL, no comparison was performed
for the initial retention time. Since one cannot tell from the lit-
erature at which initial retention day the long-term rates were
determined for the micrometer-sized particles, we did not com-
pare short-term clearance rates (i.e., clearance for about the
first 40 days), but the measured data were in the same range
as for micrometer-sized 3.5-µm particles. Lehnert et al. (1989)
determined short-term (days 7–57 after instillation) and long-
term (days 57–176 after instillation) lung retention after in-
tratracheal instillation of fluorescent, carboxylated polystyrene
microspheres (2.1 µm) and reported a lung retention function
LR(Ir UFP) of:

LR(Ir UFP) = 0.52 exp(0.037t) + 0.48 exp(0.0068t) [1]

This function also agrees very well with the lung retention of
ultrafine iridium particles (Figure 3).

Daily Excretion Relative to Contemporary Lung
Retention of UFP and Micrometer-Sized Particles

Since daily excretion provides differential data on particle
clearance from the lungs, we also compared our data to those ob-
tained from micrometer-sized particles. The long-term kinetics
of fractional excretion rates (FER) followed a single exponen-
tial function: 0.017 exp(−0.009t). Similar functions but with
a mid-term and a long-term component were determined by
Bailey et al. (1985) studying 1.2-µm radiolabeled fused alumi-
nosilicate particles (57Co-FAP) in HMT rats:

FER(57Co-FAP) = 0.018 exp(−0.019t) [2]

+ [0.0045 exp(−0.0039t)]

and by Snipes et al. (1983) studying 0.5-, 1.0-, and 1.9-µm
134Cs-FAP in F-344 rats:

FER(134Cs-FAP) = 0.02 exp(−0.007t) [3]

+ [0.001 exp(−0.0001t)]

At 20 days postinhalation the kinetics of fractional excretion
rates of insoluble 192Ir UFP indicated no differences to the FER
functions obtained from micrometer-sized particles (Figure 4).

DISCUSSION
Ultrafine aerosol production using the spark generator with

neutron-activated pure iridium rods and continuous monitor-
ing of the size distribution and number concentration proved to

FIG. 4. Daily fractional excretion rates of insoluble 192Ir UFP
beginning 3 days after inhalation compared with fitted curves
of those obtained from different micrometer-sized fused alumi-
nosilicate particles (FAP) according to Bailey et al. (1985) and
Snipes et al. (1983). Data are averages obtained from all rats
analyzed at this time point, and error bars are standard deviation.

be a reliable technology for rat exposures. The 192Ir particles
appeared to be suitable for these studies because of their very
low in vitro solubility and their simple biokinetics shown in the
prior investigation (Kreyling et al., 2002). Note, however, that
iridium particles are of low relevance for ambient air particles.
Instead, they may be considered a rather precise tool to study
the biokinetics of basic particle-associated clearance pathways
of ultrafine particles. Administering the aerosol via an endo-
tracheal tube allowed thoracic particle deposition and quantita-
tively balanced clearance measurements starting immediately
after inhalation, since no particles deposited in extrathoracic
airways or contaminated the pelt.

Ultrafine iridium particles of 15 nm size were retained
mainly in the lungs. At any time, UFP were cleared predom-
inantly from the peripheral lung via the mucociliary escalator
into the GIT and were found in feces. Lavageable particle frac-
tions throughout the whole study of retention confirmed the
predominance of this clearance pathway.

Referring to the earlier investigation of Kreyling et al.
(2002), there was a trend of time-dependent increase of ultrafine
particle burden in secondary target organs. These investigators
discussed various pathways and concluded that the only plausi-
ble remaining pathway is particle transport into the pulmonary
vasculature and systemic circulation at a very marginal fraction
by eventual binding to proteins to penetrate the air-blood bar-
rier in the lung. However, the current investigation showed no
further accumulation but rather clearance out of the secondary
target organs after 1 wk (Figure 2). Since we cannot exclude
continuous long-term translocation from the lungs to extrapul-
monary organs, the observed kinetics may indicate an overall
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more effective clearance from those secondary target organs
than long-term translocation toward them. Taking the previ-
ously proven negligible solubility into account, this means that
there is further particle transport out of these organs that may
have resulted in further redistribution within the body. Besides
particle clearance from the liver via biliary secretion into the
small intestine with fecal excretion, ultrafine particle clearance
via the kidneys and bladder into urinary excretion cannot be
excluded. Such a clearance pathway had been shown earlier by
Cooper et al. (1979) and Stradling et al. (1980) using 1- to 4-nm
actinide oxide particles.

Particle uptake and potential health effects may also depend
on genetic susceptibility and the acquired health status of the
exposed organism, as well as on particle properties like phys-
ical structure and chemical composition of the surface and the
matrix of the particle.

In contrast to these findings using ultrafine iridium particles,
studies by Oberdörster et al. (2002) using ultrafine 25-nm 13C
carbonaceous particles suggest a major translocation pathway
from the respiratory tract to the liver within the first 24 h.

The two hypotheses formulated by Kreyling et al. (2002)
still endure:
� Aggregated 13C particles may disaggregate much more com-

pletely and rapidly on the lung epithelium than 192Ir particles
such that very small units of <5 nm translocate into systemic
circulation and accumulate in extrapulmonary organs like the
liver.

� Some ultrafine particles or their disaggregated subunits may
bind to high-molecular-weight proteins, depending on their
surface properties. These proteins covering the UFP then
may determine the subsequent metabolic fate of the com-
plexes. For instance, 192Ir particles or their disaggregates
form complexes with proteins on the lung epithelium other
than carbonaceous particles, such that 192Ir particle–protein
complexes are retained in the lungs while 13C particle–
protein complexes translocate systemically and accumulate
specifically in extrapulmonary organs like the liver.

In order to determine long-term lung retention without con-
tributions from fast lung clearance and significant 192Ir-UFP
burdens in the GIT, we started whole-body retention measure-
ments 3 days after inhalation and normalized the measured data
to this time point. Cessation of fast clearance was confirmed
by the daily separately determined urinary and fecal excretion
measurements during the first 7 days after inhalation.

As mentioned in the introduction in contrast to micrometer-
sized particles, there is evidence that UFP are not predominantly
retained on the epithelium but penetrate into the interstitium.
Therefore, it is indeed surprising that lung retention and differ-
ential clearance kinetics evaluated by excretional rates did not
significantly differ between Ir-UFP and various micrometer-
sized particles. The similarity of clearance kinetics of ultra-
fine and micrometer-sized particles suggests that UFP clearance
pathways from the lung periphery to the larynx is more com-

plex than simple UFP transport on the lung epithelium toward
the distal end of the mucociliary escalator and mucociliary ac-
tion up the airways to the larynx. This clearly requires further
investigation.

CONCLUSION
Long-term translocation of ultrafine 192Ir particles from

lungs to secondary target organs does not steadily increase the
particle burden in those organs but is superimposed by clearance
from these organs, yielding a constant but very slow fraction
of about 0.001 of the deposited amount of particles. Long-term
clearance of ultrafine 192Ir particles from the lungs is dominated
by macrophage-mediated transport toward the larynx followed
by passage through the GI tract and subsequent fecal excre-
tion. The kinetics of lung retention and fecal excretion are not
different between ultrafine 192Ir particles and micrometer-sized
particles.
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