
Institute of Technology Assessment 
of the Austrian Academy of Sciences NNoo.. 000077eenn •• JJaannuuaarryy 22001111

Introduction

Nanotoxicology deals with the effects of
nanomaterials on cells and living organ-
isms. Few toxicological data, however, are
available for most nano-objects. There is
general agreement that the surface struc-
ture of nanoparticles plays a key role in the
interaction with cells and therefore requires
more consideration. Predictions about po-
tential effects or risks must be based on
knowledge about the toxicological behav-
ior of a substance. This must be accompa-
nied by information on cellular mechanisms
and feed-back loops in order to be able
to evaluate effects or ultimately plan tar-
geted applications. Many research results
are gained through standardized tech-
niques and methods anchored in environ-
mental toxicology, for example with soot
particles or diesel emission products. This
is based on certain parallels to the effects
of artificially produced nanoparticles. These
techniques have yielded initial successes,
but require improvement and further study
in the framework of research projects. The
following section outlines selected results
from basic research on cellular structure,
mechanisms of action and the damage po-
tential of nanoparticles.

The cell

Organisms are composed of at least one
cell, which makes it the smallest viable unit
of life. Unicellular and multicellular organ-
isms exist. A cell is much like a small or-
ganism, equipped with all vital functions
for growth and reproduction. In principle,
there are two types of cells. Cells without
a nucleus such as bacteria and the archeo-
bacteria are termed prokaryotes. Plants,
fungi and animal cells possess a nucleus
and are classified as eukaryotes. Where-
as plant cells have a cell wall composed
of cellulose, animal cells lack a cell wall
but feature cell membrane. Bacteria also
have a cell wall, although it is structured dif-
ferently from that of plants. The cell mem-
brane bears pores that provide direct con-
tact with the environment. This membrane
encloses 

the cell interior, the cytoplasm. The inside
of a eukaryotic cell contains all cellular
building blocks such as the nucleus with its
DNA (containing the genetic material).

Summary

Nanoparticles can enter cells actively or
passively and can trigger various effects.
These effects are often coupled with the
formation of free radicals, which can be
released within the cell or produced on
the surface of the particles. Free radi-
cals can induce inflammation, cell death
and DNA damage and thus impair hu-
man health. The threshold value, i.e. the
amount of incorporated nanomaterials
that causes an effect, remains unknown.
Based on present knowledge, there are
no known nanoparticle-specific cellular
reactions. However, it is only the knowl-
edge of basic cellular processes that al-
lows us to understand the magnitude of
an induced effect,. This, in turn, is a pre-
requisite for testing drugs and admin-
istering medicines. This dossier is there-
fore designed to provide an overview of
selected cell functions. By examining the
relevant functional and molecular path-
ways, we can better understand how na-
noparticles potentially cause damage. 
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Other key organelles include the mitochon-
dria (energy suppliers with their own DNA),
the endoplasmatic reticulum (transport ca-
nals), ribosomes (protein production), the
Golgi apparatus (formation of secretory pro-
teins) and the lysosomes (protein degrada-
tion). Plant cells possess chloroplasts, in
which photosynthesis takes place (the con-
version of solar energy into chemical ener-
gy), and have a vacuole as a storage site for
metabolic wastes (Figure 1). The body con-
tains several hundred different types of cells,
whereby shape and size depend on the tasks
of the respective cells. They are supplied with
oxygen and nutrients by the blood.

Macrophages/
Phagocytosis –
professional particle
uptake

Macrophages (feeding cells) play a key role
in cellular defense mechanisms. They destroy
foreign, pathogenic intruders such as bac-
teria, parasites and protozoa and help to
fight against degenerated cells in the body,
especially in the case of metastasing tumors.
Precursors of these macrophages are the
monocytes, which develop from haemoblasts
(monoblasts, then to promonocytes). Mono-
cyte development begins in the bone mar-
row under the influence of growth factors.
Some monocytes remain and others migrate
from the bone marrow into the peripheral
blood. Certain monocytes remain universal-
ly deployable in the body, others – after a

period of up to 40 hours – move to various
tissues and become tissue macrophages.
They can assume different functions depend-
ing on tissue type. For example, they can par-
ticipate in inflammation processes, promote
wound healing and fight pathogenic agents.
One of the most important functions of ma-
crophages and monocytes is phagocytosis
(cellular uptake of particles, bacteria, etc.).
The so-called “professional” phagocytes are
able to destroy foreign bodies such as bac-
teria by incorporating them into their cell in-
terior and then submitting them to special,
cell-specific defense mechanisms such as
free radical formation. The immunological
reaction involves specific receptors at the
membrane surface of the phagocyting cells. 

The surface receptors unspecifically recog-
nize various ligands (bonding sites) such as
glycoproteins, oligosaccharides and lectins
(sugar-binding proteins) on the cell surface
of the bacteria. In contrast, foreign particles
must first be mediated by immunoglobulins
(Ig) and opsonized (covered with proteins)
by components of the complement system
(part of the immune system). Such marked
particles dock at specific receptors and com-
plement receptors of the monocytes and ma-
crophages. The actual activation and stim-
ulation of the phagocytes is triggered by the
receptor-ligand bond (Figure 2). In princi-
ple, most cells can phagocytize, although
“non- professional” phagocytosis does not
involve receptors.

There are various pathways by which nano-
particles can be taken up into cells. New
studies show4 that electrical charge plays an
important role in activating certain receptors,
especially in the uptake of titanium dioxide-

, iron oxide- and quarz-containing nanopar-
ticles. Uncharged particles, such as carbon-
containing nanoparticles or diesel emission
particles, activate the same receptors as bac-
teria, viruses or fungi5. The particles enclosed
in the phagosomes (feeding organelles in
macrophages) fuse with the lysosomes, which
release enzymes and free radicals in order
to digest the pathogen (e.g. bacterium)6.
Depending on which receptor is activated,
the corresponding signal cascades are trig-
gered in the cell, for example to activate the
immune system. If the particles cannot be di-
gested, then they can remain within the cells
for up to 700 days7 and thus cause cell dam-
age. This can lead to cell death, which means
the particles are retained in the respective
organ8. The cycle begins anew: the particles
are ingested and trigger the continuous for-
mation of free radicals. This process is
termed oxidative stress. This, in turn, can lead
to chronic inflammatory reactions. Oxida-
tive stress has often been associated with var-
ious diseases such as cancer, neurodegen-
erative illnesses and cardiovascular diseases.

Particle uptake is dependent on particle size
and concentration. Human macrophages in
the alveoles of the lung measure about 14-
21 µm9. These cells can effectively incorpo-
rate particles when the particles are about
the same size as the cells. Phagocytosis be-
comes less effective when the particles are
smaller or larger than the cells themselves.
Studies show that 100-200 nm nanoparti-
cles tend not to be phagocytosed. Rather,
they often end up in the interstitial space
(space between the cells) and therefore reach
the epithelium cells and the lymph- and blood
vessel system (translocation)7; 10. Smaller
particles therefore remain in the organism
longer because they are translocated into the
lymph- and blood vessel system. If the par-
ticles are present in higher concentrations,
they often form aggregates that can attain
sizes exceeding 100 nm. In this size range
they can be phagocytosed and therefore are
not translocated. It has been shown that high
concentrations of silver-, iron- or titanium di-
oxide-nanoparticles (>100 nm) were phago-
cytosed by macrophages and did not enter
the organs. Another study demonstrated that
a low concentration of 15-nm-sized, inhaled
silver nanoparticles in rats already translo-
cate after 30 minutes into the blood, brain
and other organs such as the heart and kid-
neys, whereas the lung remained relatively
particle free10. This means that smaller
nanoparticles in low concentrations have a
higher probability of remaining in the body
and entering organs than larger particles in
higher concentrations. This is because dif-
ferent cellular mechanisms are at work. 
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Figure 2a: The phagocytosis process based on ingestion of a bacterium, 
1: Opsonization of the bacteria cell with Ig, 2: Further opsonization of the bacterium and
bonding to specific receptors, 3: Bonding of an Ig marked bacterium to the specific receptor, 
4 and 5 Ingestion of the bacterium in the cell, 6: Fusion of lysosomes with the phagosome and
digestion of the bacterium by lysosomal enzymes from the lysosomes (after Klein, modified2).
Figure 2b: Phagocyting macrophages, the arrows point to the ingested microparticles 
(after Simkó et al.)3 
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Cellular uptake – 
the non-professional
particle uptake

Nanoparticles, much like viruses, can enter
non-phagocyting cells and react with sub-
cellular structures. What then happens in the
cell that retains the particles, and whether
the particles trigger or catalyze chemical re-
actions, depends on the chemical compo-
sition and size of the particles11. As noted
above, uptake takes place without specific
membrane receptors. Rather, the process is
passive or involves an adhesive interaction
based on physical forces (van der Waals
forces, electrostatic charges, steric interac-
tions and/or surface charges)12; 13. In this
case, vesicle (phagosome) formation does
not necessarily occur. The particles float freely
in the cell, and the cell organelles can be
exposed to the particles. For example, incor-
porated C60-molecules become distributed
everywhere, including inside the nucleus14.
This type of uptake poses a severe threat to
the cells and its organelles because it can
involve direct contact and interaction with the
cytoplasm and its proteins. Experimentally,
nanoparticles have been detected outside on
the cell membrane, in the cytoplasm15; 16, in
the mitochondra11; 17, in lipid vesicles16; 18,
on the nuclear membrane15 and even with-
in the nucleus11; 16. Depending on a parti-
cle’s localization, different cellular effects can
be triggered. If the particles damage the
DNA then immediate cell death can occur.
Where the particles are intracellular local-
ized also depends on their size. Larger par-
ticles (2.5-10 µm) have been recorded in the
cytoplasm (in vacuoles), smaller particles
(>100 nm) in the mitochondria17. C60-mol-
ecules measure about 0.7 nm and enter the
cells via different mechanisms, for example
through the canals (ion canals) or pores in
the cell membrane14. The various forms of
cellular particle uptake are a topic of cur-
rent research efforts.

Cellular effects 

When certain materials or forces act exter-
nally on cells, the resulting physiological pro-
cesses depend either on the causative agent
or on the cell type. Cell activity is regulated
by an extremely dynamic process and is cell
type specific. This means that cell activity de-
pends on the cell’s morphological and func-
tional differentiation. This activity can also
be regulator specific, i.e. different stimuli af-
fect the cells in different ways and therefore

trigger specific biological feed-back loops.
Changes or disturbances to this very fine-
tuned, directed process can lead to dysfunc-
tions as well as to malignant degenerations.

The regulated and dynamic interaction be-
tween proteins and protein cascades is es-
sential for the specific and efficient course
of most cellular reactions. If we understand
the activation mechanisms of primary (trig-
ger) processes through extracellular signals,
then we may be able to selectively apply spe-
cific agents to trigger a desired cell reaction.
Here, gene activations and protein produc-
tion (protein expression) and potential
changes in proteins (translational modifica-
tions, e.g. phosphorylation) play the decisive
role. The assumption is that certain stimuli
activate certain intracellular proteins in a reg-
ulatory manner, which themselves set off one
or more cellular signal cascades. Activating
a signal cascade can trigger specific cell ac-
tivation processes, which in turn lead to cell
type dependent biological effects. Positive ef-
fects, but also pathophysiological conditions,
may be the result. The formation of free rad-
icals within a cell also activates specific sig-
nal cascades. 

The exact mechanism by which cellular par-
ticle uptake can trigger pro-inflammatory ef-
fects remains unknown. Nonetheless, stud-
ies point to the formation of free radicals;
this is associated with a change in the intra-
cellular calcium concentration. Moreover,
transcription factors (specific proteins for
gene activation) are activated and cytokines
produced19. The activation of these complex
mechanisms shows that particle uptake trig-
gers cellular effects.

Additional studies have shown that free rad-
ical formation can be triggered by nanopar-
ticles such as fullerenes, carbon nanotubes,
quantum dots, or exhaust emission particles7.
The resulting overproduction or the chron-
ic production of “reactive oxygen species”
(ROS) can damage DNA, proteins and lipids,
which then influence cellular processes19.
This so-called oxidative stress reaction can
signal cell damage, but also occurs in cell re-
spiration (during metabolic processes) and
in the activation of inflammatory reactions20.

Nanoparticles trigger ROS formation in dif-
ferent ways. For example, ROS can devel-
op directly on the surface of particles. More-
over, metallic particles function as catalysts
and thus trigger ROS formation20. Nano-
particles also create mechanical damage,
e.g. in the mitochondria, and thus create
oxidative stress, which can lead to cell
death11; 17; 21. As noted above, nanoparti-
cles are also actively incorporated by phago-
cytosis, initiating ROS formation22; 23. The

surface is the decisive factor. Smaller parti-
cles have a larger surface area to mass ra-
tio and thus induce more ROS than larger
particles21; 24; 25. This can lead to inflamma-
tory reactions and activate the immune sys-
tem, much like in bacterial infections8; 23. 

To a certain degree, cellular antioxidants can
neutralize the free radicals and thus main-
tain a balanced “redox homeostasis”. When
more ROS is formed than neutralized, the
system can shift, and certain biomolecules
such as DNA or proteins can be oxidized
and/or split. Such changes can cause mu-
tations in the DNA, but also epigenetic dam-
age12; 22. Studies show that nanoparticles
composed of different materials (diesel ex-
haust particles, carbon black, metallic par-
ticles) can exert a gene toxic effect on hu-
mans12.

Nanoparticles can also influence fundamen-
tal cell functions and cell physiological
processes such as cell proliferation, cell me-
tabolism and even cell death. Many illness-
es develop due to uncontrolled cell repro-
duction (e.g. cancer), but also due to pre-
mature cell death, for example in neurode-
generative diseases. It has been shown26 that
carbon nanotubes can alter cell prolifera-
tion, programmed cell death (apoptosis) and
certain cell parameters. Interestingly, the
changes are not only concentration depend-
ent; they also depend on the purity of the
nanomaterials used as well as on cell type.
This means that nanoparticle toxicity de-
pends on numerous factors such as cell type,
particle concentration, as well as particle fea-
tures such as shape, material, surface, par-
ticle size and purity.

3

Conclusions

It is well-known that the active or passive
uptake of nanoparticles can cause cellu-
lar effects. The biological relevance of these
effects can be assessed only in a few cas-
es. Unfortunately, no data is available on
dose dependency or threshold values.
Therefore, to investigate synthetic nano-
particles with nanotoxicological approach-
es, new techniques and devices have to be
developed in order to evaluate the possi-
ble adverse health effects of nanoparticles.
Currently, it appears that such results and
effects underlie known mechanisms. This
means that no specific or exclusively na-
noparticle-caused cellular effects are to be
expected. This calls for a better under-
standing of fundamental cellular process-
es, both to avoid potential risks and to use
the opportunities that nanotechnologies of-
fer in medical applications. 
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