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Abstract
Nanomaterials are understood as chemicals in the REACH directive and approaches of “classical” toxicology
generally applied. Nevertheless, some properties of nanomaterials differ from compounds, e.g. size of basic
unit, transport properties, corona etc. Growing use of nanomaterials will lead to their release to the environment
and potential, even today unknown behaviour may appear. Human society has wide range of experience with
unexpected or unknown toxic effects of engineered compounds (molecules), which may have parallel in
nanoscale and which may demand development of new methods. Some examples are: Global pollution by
lead in petrol anti-knock. Need of monitoring techniques for NMs in environment distinguishing ENM from
natural NM is challenge arising from this parallel. Persistence, long-distance transport and bioaccumulation of
POPs show us the necessity to understand and to measure transport properties, behaviour in living organisms
an life cycle of ENMs. Mercury transformation to more toxic methylmercury (e.g. Minamata disease) is an
example of environmental transformation with increased hazard and its parallel may be transformation of ENM
to other, more toxic particles in environment, and even their ”invisibility”. Environmental fate studies will need
both identification and monitoring technics, only rarely present today. New forms of toxicity and gaps in testing
may be recognized in nanoscale, similarly as endocrine disruption or thalidomide effects were unexpected
before their discovery. Since the questions about behaviour of nanomaterials in environment will be understood
enough, already existing precautionary technics as life cycle analysis and cleaner production may be applied
to minimize exposure to nanomaterials throw environment.
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1.

INTRODUCTION

In the field of nanotechnology, the extent of the use of engineered nanomaterials (ENMs) is increasing,
especially in commercial products, resulting in the expected consequence of increasing the presence of
nanoparticles in environmental components and also in the biosphere. Naturally occurring nanoparticles that
arise from natural processes (forest fires, volcanic activity, erosions) are also ubiquitous in the environment
(E), but nanoparticles of anthropogenic origin (including the targeted production of nanomaterials and other
activities) can get into the environment as well, for example as a result of the use of nanopesticides, thermal
processes, product abrasion, as emissions at the end of a product's life cycle, etc. Nanomaterials (NMs)
existed for a long time before their targeted production began, and organisms exposed to them could adapt to
NMs during the course of their evolution. The question therefore arises whether and why to worry and wonder
about the impact of NMs on the environment? The reason is our knowledge that even natural NMs may be
toxic in some circumstances, for example volcanic dust, and it follows from that similarity that intentionally
manufactured nanomaterials (ENMs), which are substances in nanoform that did not occur previously in the
environment, may have toxic effects [1]. For each phase of the ENM's life cycle, nanoparticle release can be
assumed (either accidentally or intentionally), which leads to the subsequent exposure of human society, and,
theoretically, of all components of the environment. Nanoparticles in the biosphere can further react with
present elements or molecules, forming new “nanospecific” compounds which may have completely different
or new properties compared to the original nanoparticles.
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Looking back on history, we can find a wide variety of examples and experiences with the unexpected toxic
effects of synthetic chemicals that had not been known until a certain time; these effects led to serious
environmental problems, sometimes even global (e.g. DDT and other POPs, methylated mercury). On the
basis of the mass use of thoroughly unexplored substances, we can find a certain parallel with nanomaterials
because they should be used or applied with some caution until reliable answers to the question of whether
NMs pose an increased risk to humans and the environment are found [2, 3, 4, 5, 6, 7, 8].
Human toxicity of fine and ultrafine particles, which can include NMs, is relatively well studied, but the effects
on other organisms are largely unknown and the new field of nanoecotoxicology is still in its infancy [1, 4, 9,
10, 11]. The question arises whether NMs, with their unique characteristics, require a special approach and
whether the current form of ecotoxicological tests will meet the purposes of testing NMs [1]. The second
question is how ecotoxicological laboratory experiments with NMs should be interpreted in ecosystems [1].

2.

NANOMATERIALS AS CHEMICAL SUBSTANCES IN THE ENVIRONMENT

The production and application of NMs are no longer solely governed by the laws of classical physics, but also
by the rules of molecular and quantum physics; quantum phenomena manifesting at this level lead to entirely
new possibilities [12]. As a result, nanomaterials acquire their unique and significantly characteristic properties
compared to the same materials when the dimensions of which are larger. Nanomaterials are used e.g. in
remedial technologies, in agriculture as a fertilizer, in the food industry, and in many other industries. The
potential for their use is far-reaching but, so far, there have been no sufficiently relevant studies that would
provide information on whether and to what extent components of the environment are contaminated, which
could lead to contamination of the food chain or other exposure of the human population.
One problem nanotechnology has faced on a long-term basis is the still non-existent uniform definition of
nanomaterials, which is essential for, inter alia, legislation that regulates their handling. A nanomaterial can be
defined as a substance that meets at least one dimension in the nanoscale from 1 to 100 nm. Given that for
nanomaterials there are no express requirements under REACH or CLP, the definition is met by substances
specified in these regulations, therefore the relevant provisions apply to them [13] and they are considered
chemicals.
The behaviour of NMs is very similar to the behaviour of chemicals, and there are a number of physio-chemical
processes, such as e.g. aggregation, transformation, dispersion or accumulation. These may also occur in
association with NMs released into the environment as a result of their increasing use. According to the authors
[3, 4, 6, 10, 14], the opinion prevails that, in most cases, NMs will aggregate after entering the environment,
so only a part of them retains the unequivocal nanoform, which will influence the behaviour of these substances
in the environment and their impact on the components of ecosystems [1]. The very formation of aggregates
is exposed to a number of biotic and abiotic conditions that promote their formation or, conversely, stabilize
their dispersion which, consequently, may disrupt already formed aggregates [5, 6, 10]. Moreover, after
aggregation of NMs in an aquatic environment, their sedimentation follows, wherein the NMs will be removed
from the water column, but they will accumulate at the bottom, thereby becoming potentially hazardous for
organisms living near the bottom [1, 5, 7, 15]. The adsorption of the resulting aggregates may occur on the
surface and inside organisms [1], which raises the question of the potential bioaccumulation of NMs in aquatic
organisms and further along the food chain.
Given that the behaviour of NMs in the environment is a very complex matter and depends on many factors,
the question is whether and how NMs will affect other contaminants in the environment [2, 5, 6, 16, 17, 18].
Due to the fact that NMs have a large specific surface area, they can play an important role in the distribution,
transport and bioavailability of contaminants in the environment [1, 2, 16, 19]. Remediation technologies based
on NMs, which consist of adsorption of contaminants on the NMs, which are specifically dosed into an aquatic
or rock environment in order to reduce contamination [16]. A typical example of such an application is cleaning
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groundwater contaminated by industrial or technological activities and containing a wide range of persistent
organic pollutants (POPs). These waters can be cleaned in-situ by the application of fullerenes, carbon
nanotubes or nanoiron [1, 16]. However, the question regarding their influence on toxicity arises when NMs on
the one hand can attenuate the toxic effects of POPs, but on the other hand their mobility may be increased
[1, 5, 7], which leads to their transportation over great distances. At the same time, according to [1], such
mobile NMs can enter the body more easily [5, 7].

3.

POSSIBLE PARALLELS BETWEEN CHEMICAL TOXICOLOGY IN THE PAST AND CURRENT
NANOMATERIALS

Through human activities chemicals are released into the environment mostly as gaseous, liquid and solid
waste, less often than deliberately, e.g. by the use of fertilizers. No substances in the environment stay at rest
and their transport and transformations occur in geological and biological processes. E.g., as a result of using
nitrate-based fertilizers, their concentrations in surface and ground waters is globally increasing. [20] Let us
also recall the effects of chemicals used in the past, such as DDT and heavy metals like lead, cadmium and
mercury.
Our experience with “conventional” chemicals, including some unpleasant surprises that humanity has
experienced, can be capitalized in the management of nanomaterial safety. Therefore, the following
paragraphs describe examples of the toxic effects of chemicals in the past that were unknown for a long time
as inspiration for a proactive approach to ensure the safety of nanomaterials.

3.1.

A parallel in global contamination - lead

In the past, lead was added in the form of Tetraethyl lead to petrol in order to increase the octane number and
hence give higher performance for engines. However, since 1996, Tetraethyl lead has been replaced in petrol
by potassium compounds, which are less harmful to the environment [21]. Lead emissions into the atmosphere
have the characteristics of long-range transport; they are able to travel great distances and contaminate the
components of the environment hundreds of kilometres from the source. After penetrating into the body, lead
is stored in bones and, to a lesser extent, in the blood. Interestingly, the authors' studies [22, 23] showed that
the ban on leaded fuels to prevent the release of thousands of tons of lead into the atmosphere from cars led
to lower levels of lead in the blood of people. Large volumes of nanomaterials which may get into the
environment in the future could also lead to global contamination, and similar problems as with lead may arise.
For efficient risk management in the case of lead, it was necessary to develop methods for trace analysis and
ultra-clean laboratories first, in order to demonstrate global contamination and the fact that it occurred with the
development of motoring. For this reason, it is necessary to monitor the possible techniques for NMs in the
environment, which would be able to distinguish natural NMs from ENMs. It is also questionable that, in the
case of some nanoparticles where specific heteroatoms are not present, a major problem may be identifying
nanoparticles in a background of natural materials.

3.2.

The parallel of new toxicological properties - bioaccumulable persistent organic pollutants

The oldest and best-known synthetic insecticide used since World War II is DDT, which has gone down in the
history of toxicology because of its bioaccumulation ability and persistence. Originally, it was considered very
safe because of its low acute toxicity and low doses during application. Likewise, substances of the PCB type
were widely used and they were known for their low acute toxicity. Eventually, DDT, PCBs and other
substances, now classified as a persistent organic pollutants, were found in the tissues of animals and in
locations far distant from the site of their application, which indicates a problem with remote transport.
Moreover, their concentrations in organisms were surprisingly high, which was the result of bioaccumulation
along the food chain [24, 25]. New, previously unknown forms of toxicity began to manifest as well, such as
reproductive toxicity almost leading to extinction of the symbol of the USA - the Bald Eagle - due to reducing
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the strength of its eggshells. It therefore appeared that the risk assessment methods used until then did not
include new forms of toxicity, and especially new forms of the behaviour of substances in nature
(bioaccumulation and persistence). This, coupled with insufficient use of the precautionary principle, led to
extensive contamination by POPs across continents. This can imply that new forms of transport processes,
accumulation in biological systems and toxicity may also be found in the case of nanomaterials. However, at
present, there are not sufficiently selective and sensitive methods for tracking the fate of all types of
nanomaterials in the environment and in the human organism, which is a clear challenge for the development
of analytical techniques and methods.
It is also important to stress that some pesticides, globally banned by the Stockholm Treaty, are still used in
African and Asian countries, e.g. to suppress the occurrence of malaria (DDT, lindane ...). Again, this is an
interesting moment in terms of the risk management of nanomaterials; we should not evaluate only their
isolated positive or negative effects, but mainly their mutual comparison, and we should perform a parallel of
socio-economic analysis required for substances of very high concern (SVHC) under the REACH directives.
Currently, mainly at the laboratory level, the replacement of conventional pesticides by so called
nanopesticides is being developed, thanks to which it will be possible to reduce the extent of plant protection
product use. Despite the fact that the active substance is encapsulated in the form of nanoparticles, it may get
into the soil as a colloid and subsequently contaminate groundwater or surface water. This type of risk to the
environment and human health is not yet fully understood; therefore, it is appropriate to identify the behaviour
and toxicity of nanopesticides and adequately assess them throughout their life cycle before they are placed
on the market. The question arises whether the current testing procedures used for the authorization of plant
protection products will be suitable for nanopesticides, or whether specific methods will have to be developed
[26].
Another issue to address is the possibility that some nanomaterials will leak into the environment, move therein
and bioaccumulate even when they are not directly applied as a pesticide. It may be the case of nanomaterials
used e.g. for decontamination, as well as emissions and waste water containing NMs. There is also a clear
parallel with toxic chemicals - PCBs, technical materials widely used from the 1920s to 80s, then banned, but
still occurring as environmental contaminants.

3.3.

Minamata - transformations in the environment leading to increased danger

Minamata is a bay in Japan where another phenomenon characteristic of environmental toxicity was first
identified. The gulf waters were contaminated with mercury and in its surroundings an almost epidemic form
of a specific disease accompanied by neurological disorders occurred, but it took many years before a causal
link between mercury and the disease was found [27]. The problem was that the concentration of mercury in
the bay waters and in fish and other products did not correspond to concentrations that would cause any
disease, but was much smaller. In addition, the health symptoms were not identical to what could be expected
from contamination with inorganic mercury, which was identified in the gulf. The industrial concern Chisso,
which was the originator of the contamination, thus refused any association with the disease. Therefore, it took
several years before the connection was proven and a few more years before precautionary measures were
taken [27]. The problem was that the toxicity was not caused by the initially discharged inorganic mercury (its
salt), but by methylmercury produced by its transformation in living organisms; this substance is not only more
toxic, but also persistent and bioaccumulable. The new phenomenon was the transformation - toxicity is not
caused by the original substance, but by something quite different, which is formed from this substance by
natural processes. Chisso was eventually forced to pay compensation totalling more than 250 billion yen.
The parallel to nanomaterials can be their transformation by natural, but also by anthropogenic, processes.
Therefore, it is not enough to monitor NM leaks into the environment and the direct exposure of the population,
but we must also explore their entire life cycle in nature to the moment of their transfer to a reliably harmless
form, and the possible effects of all significant forms of intermediate products or products of changes. The
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issue of the necessary development of analytical techniques and toxicological tests for nanomaterials arises
again, not only for the original ENMs but also for their products. Not only total transformations may be of
particular interest, but also changes in the surface of nanoparticles, such as corona formation or sorption of
specific substances altering behaviour in living systems. An example of reactions that could lead to significant
changes in their properties is the derivatization of fullerenes by polar substituents, when the originally
hydrophobic and thus water-insoluble compounds are transformed into hydrophilic dispersion-forming
derivatives.

4.

CONCLUSION

In the past, the aforementioned chemicals (lead, DDT, POPs, PCBs or methylated mercury) used on a mass
scale, while insufficiently studied, caused a number of environmental problems, which also had a global
character. The principle of environmental problems consisted of their previously unknown properties persistence, bioaccumulation and long-range transport, which was the cause of global contamination.
Metabolites of chemicals (DDD and DDE) resulting from DDT, which was used for a long time in the past, can
still be found along the food chain in the form of residues. These characteristics may represent a parallel with
nanomaterials, which are frequently used in products of everyday use, while the residue can occur long after
their application and it can be accumulated.
A very hot topic in the field of nanomaterials is their transformation. The transformation of nanomaterials can
be caused not only due to technologies but also due to natural processes, like in the case of mercury and its
transformation into methylmercury, which was discovered in the past. For this reason, it is not enough just to
track nanomaterial leaks in the environment and the direct exposure of the population to original nanomaterials;
it is necessary to study their entire life cycle up to the moment of their transfer to a reliably harmless form. In
today’s world of monitoring nanoparticles, techniques which would reliably and sufficiently differentiate
nanoparticles by type and source when moving in the environment are still missing. Therefore, it is important
to focus on the evaluation or monitoring of the sources of contamination, so that we can identify particles or
transformed nanoparticles which can cause bioaccumulation or global contamination.
Despite all efforts and initiatives, there are no valid recommendations for safe exposure to nanomaterials; not
only for human society, but also for all environmental components. After the experience with the above
mentioned chemicals, an effort to preserve the precautionary principle to reduce potential risks is pertinent,
because of hitherto insufficient data on the toxicity and ecotoxicity of nanomaterials. The development of new,
hitherto missing, analytical techniques or methods and toxicology tests is a challenge for science due to
possible parallels between the properties of chemicals and nanomaterials.
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