EDITORIAL

727

K Donaldson, V Stone, C L Tran, W Kreyling, P J A Borm

and sustained release of drugs.12
Furthermore, because of their size and
large surface area, NP binding to protein
may result in a series of consequences
not expected to occur when proteins
bind to large particles. These could
include:
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Nanotoxicology
A new frontier in particle toxicology relevant to both the
workplace and general environment and to consumer safety

T

he revolution in nanotechnology is
set to bring advantages in areas of
our lives as diverse as engineering,
information technology, and diagnostics. Part of this will necessitate large
scale production of nanoparticles with
new formulations and surface properties
to meet novel demands. Our current
knowledge of the toxicology of nanoparticles and nanotubes is poor but
suggests that nanoparticles may be able
to have adverse effects at their portal of
entry, for example, the lungs, but that
some nanoparticles may also escape the
normal defences and translocate from
their portal of entry to have diverse
effects in other target organs. We
suggest that a discipline of nanotoxicology be built up to address the new
potential threats that widespread use of
new nanoparticles could bring in support of the growth of a safe and
sustainable nanotechnology industry.

groups as well as the German parliament.2 Both European Union and
European Science Foundation have also
initiated activities to map the risks and
opportunities from nanotechnology.3 So
far these studies illustrate the enormous
opportunities of nanotechnology to give
impetus to progress in both life sciences
and information technology. However,
there have already been a number of
papers highlighting the potential environmental hazards arising from nanotechnology.4–7 While some of the
products that will contain nanoparticles
are likely to have them fundamentally
bound up in the structure, there is the
potential for exposure to NP and nanomaterials throughout the product chain
during manufacture, application, and
waste management; subsequently there
is a need for a toxicology that can assess
the likely harm they may cause.

WHAT IS A NANOPARTICLE?
THE NANOTECHNOLOGY
REVOLUTION
There has been a great deal of interest
in the scientific and general community
in ‘‘the nanotechnology revolution’’.
Nanotechnology can be defined as:
‘‘… the manipulation, precision
placement, measurement, modelling, or manufacture of sub-100
nanometer scale matter …’’1
This manipulation of matter at the
nanoscale will have diverse effects in
manufacture, engineering, especially
energy engineering, environmental
technology, information technology,
health and pharmaceuticals, etc.
Currently there is production of a wide
range of nanoparticles (NP) of different
types and different properties which will
be tested for their utility in various
applications. It is envisaged that those
found useful will be further developed
into large scale manufacture. Any technology before introducing it to the
marketplace and into the product chain
needs careful evaluation with regard to
its sustainability and risk perception. A
number of studies have been conducted
by US and EU nanotechnology expert

Particle toxicology is a mature science8
which has addressed the mechanisms of
lung injury caused by nanoparticles, and
the term ultrafine particles has been in
use for some time to denote nanoparticles.9 There is no size cut-off below
which particles suddenly become harmful, in the lungs at least. This is because
harmful particles have their effects as a
consequence of two factors that act
together to determine their potential to
cause harm: their large surface area, and
the reactivity or intrinsic toxicity of the
surface.10 11 It is self evident that the
smaller particles are, the more surface
area they have per unit mass; therefore
any intrinsic toxicity of the particle
surface will be emphasised. As particles
become generally smaller their likelihood of causing harm to the lung
increases. NP are currently available in
a variety of compositions that range
from very simple—almost pure carbon
or TiO2—to very complex structures,
where surface modifications are applied.
Some of the most complex NP are likely
to be produced for therapeutic purposes,
with characteristics that are designed to
give them properties of prolonging circulation in the blood, homing to specific
organs or tissues, escape from phagocytosis, blood-brain barrier translocation,

N

NP-protein complexes may be more
mobile and, via protein metabolism,
NPs may gain access to sites which
large particles would not reach.
Enhanced protein degradation at the
large surface area of NPs may lead to
functional changes of those proteins
which would not occur at the relatively small surface area of large
particles.6 7

DO NANOPARTICLES REPRESENT
A TOXICOLOGICAL HAZARD?
Adverse effects of NP are likely to occur
in very different scenarios. For NP made
and handled in bulk there is potential
for lung exposure. We are already
exposed to large numbers of ambient
NP in environmental air pollution13
where the NP component has been the
focus of much research as one of the
likely drivers of adverse health effects.14
For some NP, such as those in sunblock
cream, dermal exposure is already
occurring and the range of different
NP in creams is likely to increase.15 16
Nanoparticles in food are reported to
cross into the gut lymphatics and redistribute to other organs more readily
than larger particles.17 18 A huge class
of NP are designed to be introduced
directly into the body for diagnostic and
therapeutic reasons,19 and for these
there needs to be toxicology on the
particles as well as for the drugs that
they contain. Carbon nanotubes are
long thin structures which can have
diameters of a few nanometres, while
the length can be up to many thousands
of nanometres.20 These could have very
unusual toxicological properties, in that
they share shape characteristics of both
fibres and NPs; such limited toxicology
as presently exists supports the contention that these may be harmful to the
lungs.21
There is a considerable existing database in the lung particle toxicology
literature that shows NP of various sorts
to have extra toxicity,22 by which we
mean that the same material in the form
of NP is more toxic than in the form of
larger, still respirable, particles. Of special concern is the apparent ability of NP
to redistribute from their site of deposition. Thus following inhalation exposure, NP have been reported to travel via
the nasal nerves to the brain,23 24 as has
been described for polio virus,25 and to
gain access to the blood and other
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toxicity of nanoparticles, with special
reference to extra-pulmonary transport
and burden of particles at sites distant
to the portal of entry. Additionally, there
is a strong need for a focused research
programme directed towards fully
understanding the relation of size and
surface area on the deposition, translocation, and toxicity of small particles. In
order to facilitate development of expertise in this multidisciplinary area, we
recommend that test results should be
exchanged via virtual networks that
integrate toxicologists, material scientists, chemists, physicists, and medical
doctors.
We believe that efforts to untangle
science and science fiction regarding the
risks from nanotechnology are needed
and that a focus on the potential
harmful effects of NP is both timely
and necessary. The importance of nanotechnology to the economy and to our
future wellbeing is beyond debate, but
its potential adverse impacts need to be
studied along the same lines. A discipline of nanotoxicology would make an
important contribution to the development of a sustainable and safe nanotechnology.
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NP have greater potential to travel
through the organism than other materials or larger particles. The various
interactions of NP with fluids, cells,
and tissues need to be considered,
starting at the portal of entry and then
via a range of possible pathways
towards target organs. The potential
for significant biological response at
each of these sites requires investigation. In addition, at the site of final
retention in the target organ(s), NP may
trigger mediators which then may activate inflammatory or immunological
responses. Importantly NP may also
enter the blood or the central nervous
system, where they have the potential to
directly affect cardiac and cerebral functions.
We therefore propose that a new
subcategory of toxicology—namely
nanotoxicology—be defined to address
gaps in knowledge and to specifically
address the special problems likely to be
caused by nanoparticles. Under the
heading of nanotoxicology we consider
that protocols should be developed for
testing of all materials in the nanoscale,
where there is the potential for substantial human exposure. Protocols
already exist, for example, for the
inhalation testing of particles in acute,
subchronic, and chronic tests as specified by OPPTS in the USA and the OECD
in Europe. These need to be modified to
take account of the different potential
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organs as reviewed by Kreyling and coworkers.6
Very small particles and structures
could have a range of effects that are not
seen with conventional particles For
instance they may not be detected by
the normal phagocytic defences, allowing them to gain access to the blood or
the nervous system. Very small particles
are smaller than some molecules and
could act like haptens to modify protein
structures, either altering their function
or rendering them antigenic, raising the
potential for autoimmune effects.
The same size of particle may be very
different in its ability to translocate or
have any of the effects mentioned above
if its surface is altered chemically for
special industrial or therapeutic application. A hallmark example in particle
toxicology is quartz, which has been
shown to have a variable hazard,26
mediated by a very small level (,0.1%)
of surface impurity.27 28 Considering that
surface modification is the fastest growing market for bulk NP application, the
various effects of these treatments on
the toxicology of NPs should be investigated.

