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Physico-Chemical Differences Between
Particle- and Molecule-Derived
Toxicity: Can We Make Inherently Safe
Nanoparticles?
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Abstract: The rapidly growing applications of nanotechnology require a detailed understanding of benefits and
risks, particularly in toxicology. The present study reviews the physical and chemical differences between par-
ticles and molecules when interacting with living organisms. In contrast to classical chemicals, the mobility of
nanoparticles is governed by agglomeration, a clustering process that changes the characteristic size of the
nanomaterials during exposure, toxicity tests or in the environment. The current status of nanotoxicology high-
lights non-classical toxic interactions through catalytic processes inside living cells and the enhanced heavy
metal transport into the cytosol through the “Trojan horse mechanism’. The safety of nanoparticles in consumer
goods is proposed to be rendered inherently safer by substituting the currently used persistent oxides through
biodegradable materials.

Keywords: Ecotoxicology - Engineered nanoparticles - Nanotoxicology - Persistence - Risk

Wendelin Stark
(1976) founded the
Functional Materi-
als Laboratory at
ETH Ziirich in 2004.
His interdisciplin-
ary research is situ-
ated at the interface
between materials,
A chemistry and medi-
cine. An application-
oriented focus has resulted in industrial-
scale production of Lotus-type non-adhe-
sive polymers, self-sterilizing surfaces and
two spin-off companies (Turbobeads and
Nanograde). An injectable and resorbable
bone cement is currently undergoing in-
tense preclinical testing at the University
Hospital in Ziirich. Research in nanotoxi-
cology routinely accompanies product de-
velopment and assists a sustainable imple-
mentation of nanoparticles in industrial
applications.

*Correspondence: Prof. Dr. W. J. Stark
ETH Zurich

Institute for Chemical and Bioengineering
Wolfgang-Pauli-Str. 10, HCI E 107
CH-8093 Zurich

Tel.: +41 44 632 09 80

Fax: + 41 44 633 10 83

E-mail: wendelin.stark@chem.ethz.ch

1. Nanotechnology: Exponential
Growth and Increasing Concerns

For engineers (and most other people) see-
ing is believing: The discovery of the scan-
ning tunneling microscopel!l has allowed
imaging at the nanometer range. The re-
sulting engineering and science discipline
‘nanotechnology’ is only broadly defined
because of its huge diversity. ‘Nano’, the
metric label for 10°, now serves as a the-
matic umbrella in nearly all scientific disci-
plines and has created enormous financial,
medical, and social expectations, together
with an exponential growth in scientific
publishing activity. The associated risks of
such a technology change, however, have
only slowly shifted into the focus of scien-
tists during the last few years.[231 Most con-
cerns have been related to nanoparticles, a
sub-discipline of nanotechnology. Negative
headlines mostly target nanoparticles and
refer to their similarity to particulate air
pollution*! which was found responsible
for increased pulmonary and cardiovascu-
lar mortality in numerous epidemiological
studies.l3I There, most adverse health effects
could be correlated to the fraction of ultra-
fine particles (UFP, <100 nm)!®! but their
characterization has challenged scientists
for years.” Regional changing composi-
tion and the small concentrations of UFP
in air complicate mechanistic correlations
of effects on health to specific chemical or
physical properties of fine dust.

In contrast, nanotoxicology now inves-
tigates human exposure to mostly well-

characterized nanoparticles using model
animals or cell lines.[3-101 The combination
of this young discipline and epidemiologi-
cal exposure data on ultrafine particles will,
therefore, provide the key to the design of
inherently safer nanomaterials before larg-
er incidents might corrode the (currently)
very positive perception of ‘nano’ to the
general public.

Guidelines for the development of in-
herently safer nanoparticles are of immi-
nent interest to industry and governmental
agencies and should assist application-
oriented research. Early identification of
critical materials helps to avoid costly late-
stage corrections and reduces the risk of
large-scale incidents.

With the presentarticle we would like to
summarize briefly the current understand-
ing of nanoparticle cell interactions and to
identify key properties to assist regulatory
efforts!'!l on the proactive design of inher-
ently safer nanoparticles. At present a lack
of base data (mechanism and individual
material data) may stimulate governmen-
tal (over-) regulation of nanoparticles and,
in turn, slow down most attractive technol-
ogy developments. In order to guarantee
long-term benefits from nanoparticle-re-
lated products, we therefore urgently need
proactive material assessment methods,
until more detailed toxicology data has
become available. In order to develop such
tools we may go back one step and look
into the development of chemical regula-
tory systems. There, approval and use of
specific substances is heavily regulated,;
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governmental agencies take responsibility
for consumers and give security to inves-
tors. This elaborate system has grown over
decades. With engineered nanoparticles
such a time delay would be unacceptable.
A ‘wait and see’ strategy will result in a
sequence of incidents and resulting cor-
rections, with the associated loss of faith
in the technology.

2. Nanoparticles vs. Molecules or
Microparticles: What is Physically
Different?

Chemicals are classified according to
several key risk factors such as flamma-
bility, oxidizing power, damage to aquatic
systems, human short- (acute) and long-
term toxicity and many others. In a typi-
cal toxicological assay the tested material
(i.e. a chemical or a mixture) has to be
exposed to biological fluids, consisting
mainly of water, salts and biomolecules.
Both in vitro (cell-based) or in vivo (ani-
mal) tests inherently follow this route.
Unfortunately, chemicals and nanopar-
ticles behave completely differently in
stationary fluids, which are typically used
in in vitro assays: The physical driving
force for the movement of molecules is
diffusion. This rapid movement of mol-
ecules counteracts any concentration gra-
dient and assists distribution of so-called
‘soluble’ molecule homogeneously into
its corresponding phase (cytosol, blood,
body fat, etc.). Microparticles and ‘larger’
objects have different driving forces with-
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in stagnant media and involve sedimen-
tation or buoyancy. This is most obvious
by mixing sand in water; after turning off
the stirrer the sand will sediment to the
ground. Within the size range of nanoma-
terials, however, a crossover takes place
from diffusion-controlled movement to
sedimentation-controlled movement (Fig.
1). In order to illustrate this, Fig. 1 com-
pares the size of different ‘nanomaterials’
to the size of chemicals and atoms.
When we talk about molecules or
chemicals we typically characterize them
by solubility, reactivity and their chemical
nature (connectivity of the atoms, chiral-
ity). Scientists working with nanomateri-
als intuitively try to use the same concepts
when assessing toxicology, medical appli-
cations or environmental spread of a nano-
material. Unfortunately this is wrong, as an
additional physical property often domi-
nates particle behavior in the nanometer
range. As particles in a medium (air, water,
fat, efc.) are always in a metastable form,
they can only be temporarily stabilized,
typically by charge or steric repulsion. If
particles stick together they form clusters
or so-called agglomerates (Scheme). Ag-
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Fig. 1. Size comparison of atoms, molecules, nanomaterials, and agglomerated nanoparticles.
Molecules are moved by Brownian motion, larger particles sediment or float. Particle
agglomeration changes the characteristic diameter of the material, thus altering its mobility from
predominantly diffusion (small, non-agglomerated) to sedimentation (larger agglomerates).

glomeration rapidly alters the characteris-
tic size of a nanomaterial. The fractal struc-
tures of agglomerated primary particles are
the result of the statistical probability of
one particle hitting others and occur when
attractive (interparticular) forces overcome
the repulsive stabilization.

2.1 Agglomeration Results in Time-
and Concentration-dependent
Kinetics

Nanomaterials have a unique transport
behavior; their primary particle diameter
is in the size range where diffusion is the
main physical force for movement. In most
applications great efforts are put into a
product to make sure that particles are sta-
ble against agglomeration. However, dur-
ing (accidental) uptake into an organism,
or prolonged environmental exposure such
stabilization typically breaks down and
particles agglomerate. Once particles have
formed larger groups their reduced mobil-
ity and larger mass favors sedimentation.
Sedimentation and diffusion are widely
known but the concept of agglomeration
tends to stay within colloidal science.!2]

What are the important parameters
determining the agglomeration? In order
to quantitatively describe agglomeration
in liquids we can use Eqn. (1) as derived
from the Smoluchowski equation.!!3! This
differential equation relates the change of
particle number (left side of the equation)
to the square of the particle number con-
centration (right side) and appears familiar
to the physical chemist, due to its similar-
ity with bimolecular kinetics.

dnt _ 4kT }12
dt 3ouw

ey

n, = number of particles [m]
k = Boltzmann constant

T = temperature [K]

| = viscosity [Pa s]

W = Fuchs stability ratio, W

The rate of agglomeration linearly
scales with the number concentration
squared and temperature, while it is slowed
down by viscosity. In order to illustrate
this rapid process better Fig. 2 compares
the agglomeration kinetics of ceria nano-
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Fig. 2. Agglomeration of ceria nanoparticle suspensions with different primary particle size.

The mass concentration was kept constant at 1 ppm (1 milligram per liter) in water. At these
conditions diffusion limits agglomeration (W = 1). At the beginning, the number concentration of
20 nm nanoparticles is much higher when compared to larger particles. Rapid agglomeration of
the small particles assembles them in bigger clusters. Therefore, agglomeration alters the mobility

of the otherwise rapidly diffusing 20 nm particles.

particle suspensions of different sizes at a
constant mass concentration of 1 ppm (ug/
ml). The smallest nanoparticles (diameter
=20 nm) agglomerate strongly within sec-
onds; an average aggregate consists of over
1000 primary particles after the duration
of a typical biological experiment (2 h).
Larger particles (diameter = 320 nanome-
ters) slowly stick together. This may best
be explained by considering that the num-
ber concentration (#/m?) of smaller nano-
particles is much higher than in the case of
larger particles for the same mass concen-
tration (kg/m?). What is the consequence of
this? Therefore, the ‘size’ of nanoparticles
is a highly dynamic property, because ag-
glomeration drastically changes in time.

Besides the number concentration of
particles, agglomeration is also influenced
by the temperature and viscosity of the
fluid. Additionally the Fuchs stability ra-
tio W is a dimensionless factor which de-
scribes the particle—particle interaction.[14]
W = 1 implies diffusion-limited aggre-
gation, the fastest possible aggregation.
Agglomeration is slowed down when the
Fuchs ratio increases. As indicated, parti-
cle—particle interactions can rely mostly on
electrostatic repulsion or steric hindrance.
Unfortunately, there is no direct measure-
ment for this dimensionless factor, but it
can be estimated from the dynamics of the
size distribution over time. Because of ana-
Iytical limitations these measurements are
limited to certain model compounds, most-
ly monodisperse particles in well-defined
surroundings.[14.15]

For charge-stabilized nanomaterials we
may use an experimentally easily accessible
parameter to assist understanding and mea-
surement of agglomeration processes. The

so-called zeta-potential measures the charge
distribution around the surface of nanoma-
terials and contributes to the Fuchs stability
ratio W. Therefore, zeta-potential measure-
ments can enable a qualitative comparison
between different nanomaterials, as long as
the steric hindrance is similar.[1l A quantita-
tive determination of W depending on the
zeta-potential has been proposed by Wilson
and Crimp using a computational method
to predict the dispersion stability based on
particle size and zeta-potential.l!]

The particle—particle interactions
strongly depend on the surrounding me-
dia. Surface-charge measurements, as
the zeta-potential, are highly sensitive to

changes in pH, as an alteration of pH not
only indicates a change in acidity but also
indicates a change in charge distribution
within water (H/OH") and the particle
surface. Increased ionic strength destabi-
lizes the charge repulsion and favors ag-
glomeration at higher ion concentrations,
e.g. in biological fluids.

2.2 Protein Adsorption and lons
Affect Nanoparticle Mobility
Biological fluids consist of salts and
numerous biomolecules that drastically
change the dynamics of nanoparticles.!8
In most cases agglomeration is strongly
favored in biological media, e.g. cell cul-
ture media, because of the increased ionic
strength. This effect can sometimes be
compensated by the adsorption of biomol-
ecules on the surface of nanoparticles.[!%]
This adsorption process is not fully under-
stood and is under intense investigation.2%!
Rezwan et al. showed that protein adsorp-
tion strongly effects the zeta-potential of
different metal oxides.[2! Fig. 3 shows that
metal oxide nanoparticles have individual
zeta-potential values in pure water (black
points). The zeta-potential changes drasti-
cally in cell culture media, a mixture con-
sisting of proteins, amino acids, salts and
buffer compounds (Fig. 3, white points).
Proteins adsorb on the surface and shift the
surface charge to a similar value between
—15 and —20 mV. It can be assumed that
steric effects of adsorbed proteins will sim-
ilarly affect most inorganic nanoparticles,
independent of their chemical composi-
tion. Therefore, it can be assumed that the
agglomeration behavior of these particles
is similar at comparable primary particle
concentration, if contacted with biological
fluids. This finding greatly facilitates ex-

60 3
>
€ 40-
- pure water condition —_
8 '
€ 204
0]
B
o - "
o 1 L I e eeeteeeeaaaes
ol - .
- L T T *
N 20 T
8 ¢ in cell culture media 7
T T T T T T T
8i0, TO, Fe0, CuO ALO, ZrO, CeO,

Fig. 3. The stability of different oxide nanoparticles against agglomeration is influenced by the
zeta-potential. In ultra-pure water (black points), the zeta-potential of metal oxide nanoparticles
shows individually characteristic values. Suspensions in cell culture medium undergo protein
adsorption, which results in a similar zeta-potential and comparable agglomeration behavior.

Adapted from Limbach et al.l"¥
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perimentation and prediction of nanoparti-
cle-derived health effects, as it allows the
determination of a common biodistribution
pattern.

3. Nanoparticle-Cell Interactions

Nanoparticles strongly interact with
interfaces or, as in the case of cell mem-
branes, they typically enter cells. Classical
molecules are also taken up by cells either
by active processes, e.g. endocytosis,[22! or
by passive processes, where hydrophobicity
and molecular weight are the major param-
eters.23] The obvious question arising is,
therefore, whether nanoparticles are taken
up by similar (generally applicable) mecha-
nisms.

3.1 Uptake of Nanomaterials in
to Cells

The uptake of nanomaterials into cells
has been investigated through several ana-
Iytical techniques, which indicate that up-
take depends on particle size, 1324251 surface
charge,2027] shape,[24281 and, obviously, on
exposition time and concentration of the
nanomaterial. None of these properties
sounds particularly biological. Are physi-
cal material properties determining the up-
take of nanomaterials in cells? It appears
unlikely that cells are varying their uptake
mechanism along all these parameters.
Things appear clearer when taking into ac-
count that the uptake is a sequential prob-
lem: Transport of the nanomaterials to the
cells (a) followed by their uptake (b). This
type of problem is similar to the kinetics of
heterogeneous chemical reactions and has
found detailed mathematical treatment in
chemical engineering. A reaction occurring
between two different phases (e.g. solid
particles and a liquid, or gas bubbles in a
liquid) can either be limited by the trans-
port of the reactants to the reactive site or by
the reaction rate itself. The textbook way to
look at such problems is to look for the rate-
determining step, the bottle-neck, in order
to understand the problem. Hence, what is
controlling the uptake of nanomaterials into
cells, the biological uptake or the physical
transport? The transport of nanomaterials to
cells can be modeled by diffusion, sedimen-
tation and agglomeration.!'3! This has been
confirmed quantitatively by experimentally
measuring the uptake of size-fractionated
ceria nanoparticles into human lung fibro-
blasts over four orders of magnitude, from
100 ppb to 100 ppm particle exposure (0.1
to 100 mg particles per liter). This study
demonstrated that the transport of nanopar-
ticles to cells is actually the limiting step of
nanoparticle uptake when using classical in
vitro toxicity testing. This finding does not
explain how or why particles enter a cell,
but explains that the measured raw data are

limited by the slower of the two sequential
steps, the transport. This transport is strong-
ly influenced by the physical properties
size, surface charge, exposure concentration
and time and the shape of the nanomateri-
als. The uptake mechanism itself is not well
understood at the present time.

The cellular membrane of eukaryotic
cells is an evolutionary grown protective
barrier against foreign particles and most
molecules. Yet cells have an active trans-
port mechanism to ensure the entry of
nutrition, called endocytosis. Geiser ef al.
have shown that lung macrophages take up
both microparticles (1 pum) and nanopar-
ticles (78 and 200 nm).[21 This is to be ex-
pected, since particle clearance is the main
task of macrophages in the lung. However,
microparticles were no longer taken up
after a pretreatment of the cells with cy-
tochalasin D; a cell poison which inhibits
the actin-based uptake mechanism, such
as phagocytosis, but nanoparticles still en-
tered the cells in spite of the cytochalasin
D.[291 This finding was further confirmed
by the uptake of different nanoparticles in
non-phagocytotic cells, for example human
red blood cellsB% and human T cells.[31
The authors propose an unspecific mecha-
nism (not biological, but physical) based
on interfacial effects, such as electrostatic
and steric interactions.?]

Nanoparticles were found within cells,
either free in the cytoplasma or enclosed
by a membrane (see Fig. 4).124321 A recent
study by Verma et al. shows the dependence
of surface coatings on the uptake of gold
nanoparticles into cells.!33 Hydrophilic par-
ticles were enclosed by a membrane during
the uptake into cells, whereas partially hy-
drophobic particles were found without any
surrounding membrane in the cells.[3334]
From this it is clear that nanoparticle uptake
in cells differs from that of classical mol-
ecules.

3.2 Acute Toxic Effects of
Nanomaterials in Cells after Uptake
The rapid uptake of nanomaterials into
cells underlines the need to investigate how
nanoparticles act inside cells. Toxicological
assays, initially developed for chemicals,
have long since been used for nanoparticles
in vitro to measure acute toxic effects.[1]
In order to analyze the effects of ingested
nanomaterials, studies have followed the
influence of single parameters, such as
size,331 shape, chemical composition,33! or
crystallinity. The toxic response on physical
parameters is difficult to rank, since vary-
ing physical parameters also influence the
uptake (see Section 3.1.).136] An increased
toxic response can be attributed either to
a higher toxicity or an increased uptake of
the material. Therefore, the toxic response
should be evaluated by normalizing it with
the uptake of nanomaterials and their state

of agglomeration. Variation in chemical pa-
rameters such as crystallinity and composi-
tion can be more easily compared when the
particle size distribution and the agglomera-
tion behavior are similar.

3.2.1 Solubility Strongly Influences
Acute Toxicity

Systematic  investigations  require
changes of a single parameter only. We
have found that flame spray synthesis of-
fers the possibility to synthesize nanoparti-
cles with a changing chemical composition
but similar size distribution and shape. The
agglomeration behavior is then expected
to be similar, due to protein adsorption of
nanoparticles (as discussed in Section 2.2.).
This approach was used by Brunner et al.
who investigated six industrially important
metal oxide nanoparticles and compared
them to asbestos or silica using appropri-
ate cell lines.371 This sample set gives the
possibility to measure the direct toxic re-
sponse due to the similar transport prop-
erties, which is the rate-determining step
of the uptake process. Insoluble nanopar-
ticles of ceria, titania and zirconia showed
no measurable toxic response for human
mesothelioma cells after six days at con-
centrations up to 30 ppm (ng/ml). Slightly
soluble nanoparticles of iron oxide and
zinc oxide were toxic at similar concen-
trations after three days.37I This solubility
was also proposed in other studies as a key
property determining acute toxicity.[38-3]
But how can soluble nanoparticles be more
toxic than metal ions at comparable con-
centrations?

The cellular membrane of human cells
is a barrier for salts and large molecules.
Nanoparticles are taken up by cells and
later observed in lysosomes. In this com-
partment an acidic pH of 5.5 is present and
normally assists degradation of biomol-
ecules or, in the case of such inorganic
compounds, it allows the rapid dissolution
of the nanoparticles to yield considerable
amounts of dissolved heavy metal ions.
These toxic ions are now inside the cell and
have crossed an otherwise efficient protec-
tion mechanism. The ions now damage the
cell by increased osmotic pressure, reactive
oxygen species formation, inactivation of
enzymes and complexation, amongst oth-
ers.[33401 The effect of smuggling ions into
the cells has been described as a ‘nano-
Trojan horse’ mechanism borrowed from
the Greek mythology (Fig. 4).1411

3.4.2 Active Catalysis Inside a Cell
Due to their size, nanoparticles have a
high specific surface and a higher percent-
age of their atoms are located at the sur-
face.[8] Therefore, surface processes gain
unprecedented importance. Industrial ca-
talysis has used these properties for over a
century and nanoparticles are increasingly
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used to optimize catalysts.[2] In toxicol-
ogy some of the most damaging species
in biology are oxygen-containing radicals.
Industrially they are generated on purpose,
through catalytically active materials, by
reducing molecular oxygen. The same
family of radicals has been summarized
in toxicology by the term reactive oxy-
gen species (ROS).1 Several studies have
shown that nanoparticles can increase the
number of radicals within cells in a dose-
dependent manner.[*344] The radical gener-
ation can be the result of a reduction (e.g.
exposure of reduced iron particles to a cell
generates reduction equivalents) or a cata-
lytic process. This is of particular concern
as catalytically active nanoparticles may
generate radicals over and over again, un-
til they are degraded or removed from the
body or ecosystem. As a consequence such
particles are particularly dangerous in the
long term and typically escape experimen-
tal studies which usually have a (typical)
focus of a few days.

4. Possible Long-term Effects
of Nanomaterials

In contrast to acute toxic effects that can
be detected within hours or days; long term
effects of particle exposure will epidemio-
logically not be discovered for years. This
has highly problematic consequences as we
know from asbestos or silicosis. The biggest
challenge is the difficulty to experimentally
prove long-term effects prior to their (epi-
demiological) appearance or, ideally, before
release or even invention of such a sub-
stance. The knowledge on long term effects
is important at an early development stage
for economic (high cost drop outs at a late
stage in an industrial development pipeline)
and safety reasons. In several cases it has not
been possible to recognize toxic materials
early enough. Asbestos was known as a non
acute toxic material until it was recognized
that the non-degrading fibers generate in-
flammation and cancer in the lung. Dichlo-
rodiphenyltrichloroethane (DDT) was used
as a powerful insecticide and known for its
low toxicity to mammalians. Later on it was
found that DDT was not degraded and had
been accumulated in the food chain where
it widely affected animals and eventually
humans. Chlorofluorocarbons (CFC) have
been used because of their low toxicity and
their ideal properties for refrigerators. They
have literally changed our food storage
and transport behavior. Yet these persistent
gases have also destroyed part of the ozone
layer in the atmosphere.

4.1 What Can We Learn from
Asbestos, DDT and CFCs?

In all three cases the proposed materi-
als had new and astonishing material prop-

erties and were not found to be (acutely)
toxic or environmentally problematic.
Unfortunately, these materials all accu-
mulated at a certain compartment of the
body (asbestos in the pleura) or ecosystem
(atmosphere; food chain) which was pre-
viously not predictable. As a result their
release has caused tremendous harm and
damage over time. Asbestos fibers accu-
mulated in the lungs after inhalation and
can neither be cleared by macrophages nor
degraded. The fibers generated inflamma-
tion in the lung and led to mesothelioma
cancer. DDT was removed from plants
through irrigation and was transported by
the hydrological cycle into aquatic eco-
systems and accumulated within the food
chain. CFCs entered the stratosphere and
destroyed the ozone layer, the shield layer
against solar UV-radiation. Again, in all
three cases these materials had unique and
exciting material properties; Asbestos as
an insulator for buildings, DTT as insec-
ticide and CFCs as refrigerants. The com-
mon denominator of these materials is an
unwanted accumulation due to their persis-
tence leading to long-term health effects.
Nanomaterials have new and unique mate-
rial properties and their possible risks are
mainly discussed in terms of their (acute)
toxicity. This is short sighted. It would be
most beneficial to combine the knowledge
gained from asbestos, DDT, and CFCs to
develop ‘safe nanotechnology’.

4.2 Safe Nanotechnology -
A Proactive Approach

A proactive approach to classify risks
of nanomaterials includes both current
toxicological assays to quantify acute toxic
effects and a classification according to the
potential for long-term effects. Therefore,
currently existing toxicological protocols
can be used for nanomaterials with short
residence times within the body or the eco-
system. These degradable nanomaterials
can be checked for their toxic response and
the response of their degradation products.
For persistent nanomaterials current toxi-
cological assays inherently fail to predict
potentially adverse long-term effects. New
toxicity parameters have to be introduced,
combining the mobility of the particles
with their often unusual chemical proper-
ties and their new distribution within the
body or the environment.

4.2.1 Persistence

The persistence of a material deter-
mines its mean dwell time in an organ-
ism or ecosystem. This inherently defines
whether a material interacts shortly (acute)
or for a longer time with its environment
or matrix. The uptake of persistent nano-
particles in humans can, in principle, be
considered as an undesired introduction
of the material into the organism. We can,

therefore, use an existing regulatory frame-
work as a starting point. Current guidelines
for medical implants make clear material
distinctions based on the dwell time of an
alien substance (e.g. an implant). This is
also directly related to the definitions of
pharmaceuticals versus medical implants
when considering regulatory issues. For
nanomaterials we have proposed a first
distinction[*! based on a material’s degra-
dation properties (similar to the presently
used ISO 10993) resulting in a classifica-
tion as metabolizable/degradable and per-
sistent materials. This offers an estimate on
the dwell time of the material.

Persistent nanoparticles remain within
an ecosystem or an organism for a pro-
longed time. Most of the fundamental
properties and interactions are still poorly
known. Therefore, this group requires the
highest degree of attention, security mea-
sures and additional investigations. Par-
ticles of this group must be considered as
potentially hazardous and should be han-
dled with special care.

4.2.2 Degradable Nanoparticles

In many aspects rapidly degrading
nanoparticles can be regarded as similar
to chemicals. This class of materials only
briefly interacts with an organism or the
environment. The materials are typically
dissolved within a short time and degra-
dation products can be evaluated with
presently used methods. Analogous to
this is the secondary metabolite analysis
in pharmaceutical research. The degrada-
tion products must be followed and inves-
tigated carefully, and local accumulation
of specific substances must be considered.
This is important when we go back to the
“Trojan horse’-type effects where nanopar-
ticles are efficient carriers for otherwise
well-shielded materials. On an organism
level the mobility of nanoparticles may
help otherwise non-toxic materials to enter
normally isolated areas. This can become
important when checking for develop-
mental toxicity. For degradable materials
the risk evaluation can be oriented largely
along the presently used material-based
methods, as long as pharmacokinetics is
taken into account.

5. Conclusions

The colorful variety of nanoparticles
offers numerous attractive opportunities to
our present industry and enthusiastically
written technical papers provide the moti-
vation for a rapid implementation of such
novel materials into industrial products.
The giant market potential of nanotech-
nology has mainly affected nanoparticle-
related products as a first generation of
products for predominantly high tech-



YouNG ACADEMICS IN SWITZERLAND PART |

CHIMIA 2009, 63, No. 172 43

nano- Trojan horse

metal oxide
nanoparticle

4

metal ions

oriented clients. Unfortunately, numerous
products currently under investigation are
rather persistent and literature shows that
many of them are intended for large com-
modity use. This is not a responsible and
sustainable development, as we still lack
the understanding to deal with persistent
nanoparticles on a technical scale or in
consumer products. The distribution of
persistent materials in the environment, or
even within single organisms and humans,
will have long-term effects on health or
ecosystems. Manufacturers should there-
fore focus on less persistent alternatives.
An early implementation of risk factors
in product development will identify less
persistent nanoparticles still exhibiting
the desired benefits. If such a choice can
be made, costly down-stream corrections
should be avoided at all efforts.
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