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Anthropogenic nano-sized particles (NSP), 
ie, particles with a diameter of less than 100 nm,
are generated with or without purpose as chemi-
cally and physically well-defined materials or as a
consequence of combustion processes respec-
tively. Inhalation of NSP occurs on a regular basis
due to air pollution and is associated with an in-
crease in respiratory and cardiovascular morbidity
and mortality. Manufactured NSP may intention-
ally be inhaled as pharmaceuticals or unintention-
ally during production at the workplace. 

Hence the interactions of NSP with the res-
piratory tract are currently under intensive inves-
tigation. Due to special physicochemical features
of NSP, its biological behaviour may differ from
that of larger sized particles. Here we review two
important themes of current research into the ef-
fects of NSP on the lungs: 1) The potential of
NSP to cross the blood-air barrier of the lungs,

thus gaining access to the circulation and extra-
pulmonary organs. It is currently accepted that a
small fraction of inhaled NSP may translocate to
the circulation. The significance of this transloca-
tion requires further research. 2) The entering
mechanisms of NSP into different cell types.
There is evidence that NSP are taken up by cells
via well-known pathways of endocytosis but also
via different mechanisms not well understood so
far. Knowledge of the quantitative relationship
between the different entering mechanisms and
cellular responses is not yet available but is ur-
gently needed in order to understand the effects
of intentionally or unintentionally inhaled NSP
on the respiratory tract.
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Summary

Epidemiological studies have shown that ex-
posure to airborne ambient particulate matter is
correlated with adverse health effects, particularly
increased respiratory and cardiovascular morbid-
ity and mortality (see [1] for review). Further
work has highlighted the fact that these correla-
tions depend on particle size, the so-called ultra-
fine particles (UFP) contributing in significantly
stronger fashion to the adverse effects [2]. UFP
are particles with a diameter of 100 nm or less in
all dimensions [3]. The most important anthro-
pogenic sources of UFP are combustion processes
of diesel oil, coal, heavy fuel oil or welding
processes [3]. Apart from UFP, engineered
nanoparticles (NP), defined as particles at least in
one dimension smaller than 100 nm, have re-
cently attracted attention. In contrast to UFP,
which usually consist of an elemental carbon core
with a shell of attached transition metals and/or
organic carbon, NP are physically and chemically

well-defined particles specifically designed for a
certain use. For example, titanium dioxide NP are
used in sun milk, carbon nanotubes are part of
carbon fibre bicycles, silver NP have antibacterial
properties in socks, etc. Particular interest has
been focused on the biomedical applications of
NP with respect to imaging and drug delivery [4].
The stability of NP as separate particles is obvi-
ously of critical importance for their nano-effects.
Although the terms aggregation and agglomera-
tion are frequently used interchangeably, there is
a difference in their meaning [5]. Agglomerates of
particles develop due to physical bonds (eg, van
der Waals or electrostatic forces), whereas aggre-
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gates are held together by chemical bonds. This is
important because agglomerates can often be dis-
persed by ultrasonic treatment or in a certain bio-
logical environment, while the forces that hold
aggregates together are more stable. The state of
agglomeration or aggregation may therefore
greatly influence the biological behaviour of par-
ticles (including translocation and cellular enter-
ing), an aspect which should be borne in mind in
studies on NP and UFP. 

While human inhalation exposure to UFP
occurs on a regular basis, exposure to NP may be

restricted to occupational or medicinal settings.
Hence the interaction of both UFP and NP with
the lungs requires thorough investigation. In the
following, the term nano-sized particle (NSP) will
be used whenever both UFP and NP are meant. 

This review article focuses on the mecha-
nisms by which NSP cross the air-blood barrier,
thus entering the systemic circulation, and the
mechanisms by which NSP enter cells. For a
more detailed review on interactions of NSP with
pulmonary structures the reader may refer to [6]. 
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Fate of inhaled and deposited nano-sized particles – hypothetical routes

Since NSP effectively reach the alveolar re-
gion of the lungs, the size of the epithelial surface
that may simultaneously come into contact with
the particles amounts to approximately 140 m2

[7]. Once NSP have reached the alveoli, they may
be retained in the lungs for a long period and may
be deposited, ie, come into physical contact with
the surface structures. Larger sized particles are
quickly displaced from the air-liquid interface to
the watery hypophase under the surfactant [8], a
process which probably holds true for NSP as
well. In the hypophase, the particles may bind to
surfactant proteins and glycoproteins or be taken
up by macrophages. However, the uptake of NSP

by alveolar macrophages seems to be on a far
smaller scale than for larger sized particles [9].
The particles thus have a high probability of en-
countering the alveolar epithelium. Those parti-
cles that translocate over the alveolar epithelium
may be deposited in the interstitium or translo-
cate over the capillary endothelium and enter the
circulation [10, 11]. Since all of the structures
mentioned above may either influence the particle
behaviour or may be influenced upon contact with
NSP, the following paragraphs attempt to provide
a mechanistic view of the phenomena of particle
translocation and cell entering. 

Translocation of nano-sized particles across the air-blood barrier

It having been proposed that adverse cardio-
vascular effects might be related to a translocation
of NSP to the systemic circulation, several studies
have addressed the question whether and to what
extent NSP cross the air-blood barrier. 

Animal models of NSP inhalation and instilla-
tion have provided evidence that a small fraction
of the particles applied translocate to the circula-
tion and can reach extrapulmonary organs via the
bloodstream. These findings were observed for ti-
tanium dioxide NP in the rat [10, 11] as well as for
diesel exhaust particles in the hamster [12]. In the
human lung one study reported a rapid and sig-
nificant translocation of inhaled carbonaceous NP
to the systemic circulation and extrapulmonary
organs [13]. In contrast, other subsequent studies
failed to confirm this finding and detected only a
low degree of translocation for iridium [14] or
carbon NSP [15–17]. The studies of Nemmar et
al. [13] and Mills et al. [16] had a very similar de-
sign and Mills et al. [16] have argued convincingly
that the strong translocation of 99mTc labeled par-
ticles observed by Nemmar et al. [13] was mainly
related to the translocation of soluble 99mTc-

pertechnetate or pertechnegas which was cleaved
from the carbonaceous particles. Based on these
studies, it is reasonable to conclude that a small
fraction of NSP translocates across the air-blood
barrier to the circulation, but the significance of
this translocation for human health requires fur-
ther study. 

A very specific property that has been as-
signed to inhaled NSP refers to translocation
from the nasal epithelium to the brain. Elder et al.
[18] showed that ultrafine manganese oxide parti-
cles translocate to the olfactory bulb and other re-
gions of the central nervous system, although the
question whether entire particles were translo-
cated or solubilised manganese was transported to
the central nervous system [19] warrants further
research. However, additional support for translo-
cation of ultrafine particles via olfactory axons
comes from a study by Oberdörster et al. [20],
who showed that inhaled radioactive carbon parti-
cles were significantly enhanced in the olfactory
bulb after exposure, in contrast to other brain re-
gions that showed only inconsistent increases in
carbon particles. 

387-391 Muehl 12153.qxp  27.6.2008  16:01 Uhr  Seite 388



389

There is little evidence for paracellular trans-
port of NSP in the healthy lung, but this route
may be enhanced when additional air- or blood-
borne substances, such as ozone, hydrogen perox-
ide or histamine, increase the permeability of ep-
ithelial or endothelial barriers [21]. Most particles
crossing the alveolar epithelium will however use
a transcellular route for which endocytosis has
been observed as a key mode of cellular particle
uptake in several studies: after inhalation expo-
sure, single and agglomerated gold NSP were
 observed in membrane-bound vesicles in AM and
alveolar type I cells of rat lungs [22]. In a
macrophage cell line, gold NP were found in
pinocytotic vesicles and lysosomes [23]. Similarly,
titanium dioxide NP were localised inside vesicu-
lar structures, including multivesicular and lamel-
lar bodies, in an immortalised alveolar epithelial
cell line [24]. Further support for an active en-
ergy-dependent transport process comes from the
observation that low temperature and metabolic
inhibitors inhibit the uptake of magnetic silica-

coated NP [25]. Receptor-mediated endocytosis
of particles via scavenger receptors was shown to
be involved in macrophages [26, 27]. 

Apart from endocytosis, however, other
routes of cellular entry are likely. Very few tita-
nium dioxide NP were observed inside red blood
cells after inhalation exposure in rats [10], sug-
gesting passive movement of NP across the
plasma membrane. This mechanism was con-
firmed by the presence of polystyrene NP as well
as titanium dioxide NP in red blood cell culture
[28]. Ambient UFP were observed in mitochon-
dria of macrophage and epithelial cell lines [29]
indicating direct access to the enzymes of the res-
piratory chain. C60 fullerenes were found inside
the nucleus and the free cytoplasm of human
monocyte-derived macrophages [30], and 1.4 nm
gold particles were bound to the nuclear DNA of
eleven different normal or cancer cell lines [31].
The latter finding raises the possibility that some
particles entering the nucleus may directly inter-
act with nuclear DNA. The particle entering
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Cellular entering mechanisms

Figure 1

Summary of possible entering mechanisms of nano-sized

particles. Particles may actively be taken up by cells via

phagocytosis (A), macropinocytosis (B), clathrin-mediated

endocytosis (C), clathrin- and caveolae-independent endocy-

tosis (D) or by caveolae-mediated endocytosis (E). In most

cases of active uptake, particles will be transported via

vesicular structures to form phagolysosomes or endosomes

(A–D) but they may also be transported to the endoplasmic

reticulum, cytosol or through the cell as part of transcytotic

processes (E). Apart from these mechanisms, a passive

movement through the plasma membrane with subsequent

access to all subcellular compartments, including nucleus

and mitochondria, has been proposed (F). The significance

of particular intracellular localizations and entering mecha-

nisms for specific cellular responses awaits further study.

Figure modified after [38].

Figure 2

Titanium dioxide

nanoparticles inside

an epithelial cell

(A549 cell line). 

The left electron

 micrograph shows an

agglomerate of differ-

ently sized titanium

dioxide nanoparticles

inside a vesiclular

structure. In contrast,

the titanium dioxide

NP shown in the right

micrograph are free

within the cytoplasm.

The white circle indi-

cates the region from

which an elemental

analysis was per-

formed by energy

 filtered transmission

electron microscopy.

Reproduced from

[35]. 
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processes different from endocytosis have been
related to adhesive interactions due to electro-
static forces, Van der Waals or steric interactions
[32]. Little is known, however, about the quantita-
tive relationship between active endocytotic
routes and passive routes of entry. We have re-
cently established a quantitative approach to
guarantee an unbiased way of investigating this
relationship in tissues and cells [33]. In addition,
the significance of a specific intracellular localiza-
tion needs to be analyzed in quantitative terms to
distinguish between sporadic and scientifically
relevant particle distributions. The different
mechanisms of cellular entering and intracellular
trafficking are summarized in figure 1. Some ex-

amples of intracellular NP localization visualized
by transmission electron microscopy are shown in
figures 2 and 3. 

Composition and surface characteristics of
the particles obviously influence the entering
mechanism and the intracellular trafficking of
particles [34–36]. In particular, protein adsorption
may determine the mechanism of NSP trafficking
as evidenced for the translocation of poly(ethyl-
ene glycol-co-hexadecyl)cyanoacrylate NP into
rat brain endothelial cells [37]. Future studies
therefore need to define the experimental setting
of particle exposure both from the particle and
from the biological side in great detail. 
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Open questions

1. Although it is accepted that a small fraction
of inhaled particles translocates across the air-
blood barrier, there is currently no rationale for
relating these particles to the adverse health ef-
fects associated with particle exposure. Therefore,
future studies are warranted addressing the fol-
lowing questions: Do particles need to translocate
to the circulation to induce adverse cardiovascular
health effects? What are the cumulative effects of
particle translocation? What is the fate of the
translocated particles?

2. Similarly, there is evidence that most nano-
sized particles entering cells are taken up by endo-
cytosis but other routes of cellular entering also
exist. Systematic studies are needed investigating
the mechanisms of cellular particle entering and
the effects of endogenous and exogenous factors
on these mechanisms. Quantitative studies have to

be performed to relate the cellular reactions such
as the generation of reactive oxygen species and
inflammatory proteins to a specific intracellular
localization. 

The authors wish to thank Sandra Frank for techni-
cal and graphical support and Christina Brandenberger
for performing the experiments shown in figure 3.
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Figure 3

Colloidal gold

nanoparticles inside

an epithelial cell

(A549 cell line). 

Both electron micro-

graphs show col-

loidal gold nanoparti-

cles with an individ-

ual particle diameter

of approximately 

15–20 nm. In the left

figure variously sized

agglomerates of NP

are observed within

vesicular structures.

The right figure

shows one single

gold NP and two 

agglomerates in the

nanometer range

consisting of three 

to five individual 

particles.
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