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Summary

Introduction

What are free radicals?

Free radicals are unstable atoms or molecules with free outer electrons. This
makes them highly reactive because free
electrons always strive to form a stable
bond. This stabilization involves gaining
an electron from another molecule, triggering a chain reaction. Such reactions
are omnipresent in the human body, but
under certain circumstances can damage biomolecules. Whether nanoparticles are intracellular taken up leading
to the activation of free radical production is currently being discussed. Ongoing studies are investigating whether the
amount of free radicals formed on the
surface of nanoparticles is sufficient to
induce cellular effects. This dossier provides an overview about what free radicals are, how they originate, why organisms need them, how they are neutralized, and what we know about the connection between nanoparticles and free
radical production.

There is consensus that the surface structure of nanoparticles plays a crucial role
in the interaction with cells and should
therefore be considered when evaluating
their health effects. The discussion often
centers around mechanisms of action involving free radical development after nanoparticle uptake into the cell. Free radicals play an important role in oxygen-dependent (aerobic) living systems. They are
an important component in cell respiration
and other vital cellular processes, but are
also involved in aging and in disease development. Free radicals are unstable
molecules with free outer electrons (unpaired electrons). They are highly reactive
because the free electrons always strive to
bond with other electrons and form covalent pairs. In this process the free radicals
strip the electrons from other molecules.
This chain reaction is omnipresent in every
cell of the human body. Beyond affecting
cellular regulation, it can also damage
molecules such as carbohydrates, fats, proteins and nucleic acids.

Free radicals are atoms or molecules that
contain one or more unpaired electrons
and are, in this sense, “free”. This makes
many free radicals highly reactive, i.e. they
have a strong tendency to form pairs to
counteract the labile unpaired condition.
To this end, the free radicals gain electrons
from any available donor or donate an
electron to a suitable acceptor, which in turn
become modified into a secondary free
radical. This chain reaction can cause biological damage (Fig. 1).
There are many different sources of free
radicals within cells and the environment.
In aerobic organisms, free radicals are
produced during and through normal
metabolic processes. Key sources include
electron transfer in the plasma membrane
and cell respiration in the mitochondrial
membrane. The production can proceed
enzymatically (with catalysts) or nonenzymatically. One research team claims3
that the mitochondria are the main source
of the oxidative damage because free

Figure 1:
Attack by and defense against free radicals; sites of nutrients with
antioxidative effect (red) and enzymes (green). SOD = superoxide dismutase
(www.royal-canin.de/uploads/pics/mono_3gif_01.gif)
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radicals such as superoxide can escape from
the electron transport chain. About 3-10 %
of the oxygen turned over there is not fully
processed, i.e. reduced. They can enter the
cytosol of the cell, where free radicals can
react with other substances and thereby form
new radicals by removing electrons from
these substances. This triggers a chain reaction in which electrons change their
owners and that ends in cellular changes
such as DNA modification or enzyme disruption.

Antioxidants –
oxidative stress
In order to counteract intracellular damage
by free radicals, cells have developed a socalled intracellular antioxidant system. This
process transforms free electrons into a nonreactive form by proteins (enzymes). Antioxidants regulate oxidative reactions by inhibiting, delaying or hampering the oxidation of
the substances4. The intracellular enzymes
function as antioxidants are the backbone
of this cellular defense system5; 6. The key
antioxidant enzymes possess certain elements
that shield and protect proteins7; 8. Nonenzymatic antioxidants can also neutralize
radicals4 (e.g. water-soluble substances
such as vitamin C, glutathione or fat-soluble
substances such as vitamin E or vitamin A/ßcarotene). For example, the enzyme SOD
transforms superoxide radicals into hydrogen peroxide, which is then broken down by
catalysis into water and oxygen.
Free radicals are not exclusively damaging
metabolic products, but also have a series
of important functions. For example they
serve in immune defense because leucocytes
and macrophages utilize their bactericidal
effects: they produce free radicals and thus
destroy bacteria and other foreign substances. Moreover, free radicals probably
play a role in the body’s tumor suppression
by mediating programmed cell death (apoptosis). Immune-relevant cells also use the reactive potential of ROS as a cellular defense
mechanism against entering pathogens to
kill bacteria, viruses and degenerated cells.
Radicals also fulfill important physiological
functions such as regulating the vascular tone
and those cell functions controlled by oxygen concentration. They also influence signal transmission mechanisms and trigger
oxidative stress responses as well as apoptosis11.

The capacity of cellular defense mechanisms
is limited. Oxidative stress can therefore lead
to malfunction and even to cell death. Oxidative stress is the result of an imbalance
between the intracellular production of free
radicals and the cellular defense mechanisms. The balance between oxidants and
antioxidants can be disrupted by an increase
in free radicals or a reduction of anti-oxidative substances. Oxidative stress can trigger
a number of potentially damaging biochemical reactions9. Studies show that the production of radicals is directly involved in the oxidative destruction of macromolecules such
as lipids, proteins and nucleic acids. Under
certain conditions, phagosomes (vesicles in
which bacteria, for example, are taken up)10
of macrophages can degenerate and release
their contents into other cell compartments,
damaging DNA through oxidative reactions.
Chronic infections can therefore trigger
chronic inflammatory reactions by promoting permanent phagocytic activity of macrophages. Further on, chronic inflammation is
known to be a risk for cancer induction.
Moreover, free radicals play a role in many
degenerative diseases and cell aging processes3.

The oxidation and
reduction balance in
cells (redox homeostasis)
Free radicals and their derivates, along with
reactive non-radicals that can be attributed
to radicals, are always present in living systems in relatively low and balanced amounts.
The concentration of free radicals depends
on their production and their clearance.
Clearance is controlled by various enzymes
and non-enzymatic antioxidants (for example vitamins E, A, C and glutathione). Cells
are in a stable state when the rate of ROS
production and the anti-oxidation capacity
are in balance. This is referred to as a balanced redox capacity. This balance can be
disrupted either by increased ROS production or by the reduced capacity of the antioxidants. As free radicals can donate an
electron to a suitable receptor (reduction reaction) or can bond their unpaired electron
with a suitable donor (oxidation reaction),
free radicals play an important role in maintaining the redox balance in cells. Depending on the duration and strength of the imbalance (which can be temporally limited),
the redox regulation of the cell fulfills a com-
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pensatory function. This physiological mechanism is termed redox homeostasis. When,
however, a constant production of free radicals is triggered, for example by oxidative
stress, then the redox homeostasis becomes
unbalanced because the cellular mechanisms
are no longer capable of establishing the
normal levels. This can persistently change
signal transmission, but also lead to changes
on gene and protein levels of the cells and
thus promote so-called oxidative conditions
or processes. This includes virtually all complex molecules that can gain a single electron (DNA, proteins, lipids and carbohydrates) and thus be damaged by highly reactive radicals. When ROS is consistently elevated over a longer time period (chronic
conditions) free radicals can cause damage
and lead to pathological conditions.

Nanoparticles
and free radicals
Various in-vitro and in-vivo studies show that
free radical formation can be triggered by
nanoparticles (fullerenes, carbon nanotubes,
quantum dots, emission particles)12; 13. Nanoparticles can be taken up actively (phagocytosis) by certain cells (macrophages) and
initiate ROS formation14; 15. Passive cellular
uptake of particles has also been documented. The decisive question, however, is whether
more ROS is formed per cell when more particles are taken up. Nanoparticles tend to
form aggregations/agglomerations. It is unclear whether they can produce elevated
ROS levels in this configuration. ROS can also develop directly on the surface of the particles, although this depends on particle structure (metallic particles, for example, function
as catalysts). Due to the larger surface area
to mass ratio of smaller particles, more ROS
could be formed than in larger particles16; 17.
It remains unknown whether aggregation influences the amount of ROS formed. The
overproduction or chronic production of reactive oxygen species can cause inflammatory reactions, tissue changes and DNA, protein and lipid damage. Nanoparticles also
cause mechanical damage within the cells
and thus trigger oxidative stress. To a certain degree, antioxidants can neutralize the
free radicals through homeostatic activity of
the cells. If more ROS is generated than neutralized, then this system can shift and certain biomolecules become oxidized and/or
altered.
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In a pilot study18 a special mouse model was
used to show that long (ca. 20 µm), needleshaped nanotubes administered into the abdominal cavity (intraperitoneally) caused
chronic inflammations, whereas short and/or
curved as well as long, curved nanotubes induced no such effects. As these tubes closely resemble asbestos fibers in their structure
(form, length and solubility), a comparable
mechanism of action is being discussed. Asbestos exposure can lead to so-called mesotheliomas (connective tissue tumors) in the
pleura area. Such tumors are not necessarily malignant. They can develop when macrophages attempt to ingest the uptaken needle-shaped fibers. These cells are not succeeding since the fibers are too long. The
presence of free radicals is therefore accompanied by the formation of so-called giant
cells, because several cells fuse with each
other in order to successfully ingest the fibers.
The chronic activation of these cells leads to
the development of nodular new tissue formation, so-called granulomas. Over time,
these can develop into mesotheliomas. The
above-mentioned study specifically used
nanotubes that resembled asbestos fibers in
form and length. Other fibers, however, were
also tested in order to compare their effects.
As expected, the results showed that only the
long, needle-shaped nanotubes, not the
short and/or curved ones, triggered chronic inflammation (granulomas). An important
consideration in evaluating this study is the
relatively high concentration of nanotubes
(50 µg) per mouse and the very specific animal model used. The study itself also emphasizes the differences in the nanotubes
with regard to the pre-treatments. Furthermore to assess the significance of this study
the experimental conditions and the limited
number of the used animals has to be considered. While the information from this study
must be taken seriously, it needs to be verified and reproduced.
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Conclusions
Nanoparticles that are taken up intracellular can induce cellular effects whose biological relevance remains to be clarified.
Experimental studies show that nanoparticles can trigger the production of free radicals. The chronic release of such reactive
molecules can lead to tissue degeneration.
Most studies have tested very high concentrations of nanoparticles over relatively
short exposure times. Such data hamper
a definitive health risk assessment. The
homeostatic activity of cells and organisms
counteracts exposure to nanoparticles. It
remains unclear at which point the system
becomes unbalanced, leading to biological and health-related impacts. This calls
for conducting targeted, standardized
and dose-dependent long-term studies on
the underlying mechanisms.
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