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NANOMATERIALS: PROS AND CONTRAS

In its first part the contribution presents basic characteristics of nanoparticles, their history, reason of their different behavior, classification
of nanoparticles into natural, man-made and engineered nanoparticles. The article highlights potential risks of nanoparticles and the obser-
vation of the precautionary principle in contact with them. There is a special risk present in nanoparticles in the form of aerosols. Inhalation
of aerosols consisting of nanoparticles leads to their deposition in the respiratory tract and due to their size they are expected to be further
transported in the organism.

The contribution presents and discusses results of pilot experiments with the use of modern measuring devices, specifically determination
of the quantity and distribution of nanoparticles in the air in an underground carriage during the regular operation, in a city transportation
bus, in the working environment of an office building, during fires and their extinguishing, effects of the type of Diesel engine, lighting up of
entertainment pyrotechnics and during welding. The last part of the contribution presents experiments demonstrating utilization of some prop-

erties of nanoparticles of C60 carbon - fullerene.
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1. Introduction

Nanomaterials are solid particles with at least one dimension
smaller than 100 nm [1]. Nanomaterials may be isometric (nanopar-
ticles with all the three dimensions under 100 nm), they may be in
form of fibers (two dimensions smaller than 100 nm) or layers
(one dimensions smaller than 100 nm).

The different behavior of nanomaterials can be explained in
a simplified manner by the fact that physicochemical properties of
solid substances are not the same inside the material and on its
surface. When particles of a given material are smaller than 100 nm
then physicochemical properties of the surface start to dominate
over properties of the given material and the particles start behaving
as if they consisted only of the surface. One of the most distinct
demonstrations of this phenomenon is a significant increase of
chemical reactivity, which may also result in a change of the toxi-
city.

Nanoparticles were used already in the past, despite the fact
that their users were not familiar with their essential properties (in
glassmaking, ceramics - glazes, chemical catalysis, metallurgy, pro-
duction of soot, etc.) Nanoparticles have been surrounding us in
real life since the time immemorial. They are generated during fires,
volcano eruptions, erosions, chemical decomposition of organic
matters by anthropogenic activity, i.e. e.g. by burning of fossil fuels
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(thermal power plants, combustion engines, etc.) and recently also
engineered nanoparticles have been made in laboratories and in
industrial plants. An overview of various sources of nanoparticles,
both natural and man-made, is shown in a graphic form in Fig. 1.

Two principle processes may be used to produce nanoparticles.
The process “TOP-DOWN* represents disintegration of big pieces
of material while the process “BOTTOM-UP* means association
of individual atoms and molecules into bigger nanostructures. There
are three ways to do this: chemical (e.g. reduction), physical (e.g.
pyrolysis with the use of laser) and mechanical (e.g. high-energy
crushing).

Due to the fact that dimensions of nanoparticles are below the
detection limit of optical methods, new technologies have been an
important factor which has contributed to the development of na-
notechnologies. Critically important was the invention of an electron
microscope which enables to see and identify a three-dimensional
structure of nanoparticles. The scientific discipline which deals
with investigation of nanomaterials (nanoparticles), including deve-
lopment of materials and equipment of nano dimensions, is called
nanotechnology. The current nanotechnology represents an inter-
disciplinary scientific discipline, which includes classical fields of
science, such as physics, quantum mechanics, chemistry, bioche-
mistry, electronics etc. Nanotechnologies are considered to be the
phenomenon of the late 20™ and early 21% centuries. In conformity
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Fig. 1 Sources of nanoparticles and their dimension range

with this fact is the huge increase of support provided to the research
in the concerned area. The development of nanotechnologies cannot
be stopped.

2. What are the potential risks posed by nanomaterials?

After the negative experience with certain substances (e.g. DDT,
PCB, dioxins etc.) the worldwide public now requests the research
centers and producers dealing with nanomaterials and nano-tech-
nologies to observe the so-called precautionary principle. Recom-
mendations have been made for regulation, registration, determina-
tion of risk assessment methods and monitoring of nano-compounds
[1] (COM 1 2000, COM 243 2005, COM 338 2004, COM 345
2008), policy framework for California to deal with nanosubstances
[2], prohibition to use nano-compounds in foodstuffs without exe-
cution of risk assessment (European Parliament, March 2009) etc.
In terms of the potential risks posed by nanomaterials the follow-
ing classification may be used:

- dangerous for health (toxicity),

- dangerous for the environment (ecotoxicity),

- physicochemical risks, i.e. they may cause fire, explosion, uncon-
trolled and undesired reactions,

- in the future it is impossible to exclude an unethical use of nano-
technologies and nanoparticles by a third party (criminal or ter-
rorist act, war conflict).

The first two potential sources of danger are mutually very
closely interconnected as the occurrence of nanoparticles in the
elements of the environment enables their contact with living orga-
nisms. The presence of nanoparticles in a living organism results
in a number of interactions between their surfaces and biological

systems. The interactions may lead to formation of protein coronas,
wrapping of particles, intracellular absorption and biocatalytic
processes, which may have positive and negative results in terms of
the toxicity. The organic world intertwines with the synthetic world
of man-made nanomaterials. The nano-bio interfaces are created,
associated with dynamic physicochemical interactions, kinetic and
thermodynamic exchanges between surfaces of nanomaterials and
surfaces of biological components (proteins, membranes, lipids,
DNA, biological liquids etc.). A background research [3] has shown
that only very little is known about what happens with nanoparticles
inside a cell. Nanoparticles may cause a wide range of intracellu-
lar reactions which depend on their physicochemical properties,
intracellular concentration, duration of contact etc.

There is a general agreement among authors [3] dealing with
toxicity of nanomaterials that the primary driving force behind the
bioactivity of nanoparticles is the size of their surface. A surface
coat on nanoparticles (e.g. hydrophobic polymer) increases the
safety of nanoparticles and reduces their bioreactivity. The biggest
problem is that the information we have gathered about one spe-
cific nanomaterial may not be applicable for the same particles if
they are made synthetically or slightly modified. Another problem is
the characterization of the surfaces with simple and available mea-
suring equipment. It is also assumed that natural nanoparticles will
behave differently from the so-called “engineered nanoparticles -
i.e. nanoparticles made in industrial plants or in laboratories [4,
5].

Physicochemical risks are present particularly in the production
of nanoparticles using the “TOP-DOWN* system, where nanopar-
ticles are created by a mechanical method i.e. e.g. grinding, cutting,
supermilling etc. It should be noted and stressed here, that nanopar-
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ticles are present essentially in all dusty operations which include
e.g. metal machining, woodworking, milling, grinding, welding, etc.
Their numbers and reactivity are influenced by the degree of their
mutual aggregation or agglomeration. In general, it is typical for
dust-air mixtures not to be stable in terms of place and time, they are
not homogenous. The explosiveness of dust is strongly influenced by
the size of particles. The general risk of explosion increases with
the reducing size of the particles. This statement has been verified
experimentally for microparticles and one can assume that the trend
will continue to apply also to particles of nanometric size. Many
nanoparticles e.g. Fe, Ni, Al, Mn, Co are prone to self-ignition and
thanks to their large surface they operate as active catalysts and
thus may initiate an uncontrolled exothermic reaction. Nanoparti-
cles as such are more reactive than their “macro versions” with the
same chemical composition. A special risk is posed by nanoparti-
cles in form of aerosols, i.e. particles suspended in the air. Inhalation
of aerosols consisting of nanoparticles leads to their deposition in
the respiratory tract and they are expected, depending on their
diameter, area and surface etc., to be further transported in the
organism into other peripheral organs. There are a number of epi-
demiological studies which have identified the negative effect of
nanoparticles on respiratory and cardiovascular systems in suscep-
tible groups of population. It has been discovered that exception-
ally serious is the cardiovascular effect of inhaled ultrafine (nano)
particles [6]. Those particles come mostly from anthropogenic
sources (road traffic, combustion products, forest fires, fires of
organic matters and crude oil products etc.) and they occur in urban
agglomerations.

This was one of the reasons to perform the measurements of
nanoparticles in transportation means in Prague, in an office build-
ing in the city center and at different types of Diesel engine, to iden-
tify the quantity of nanoparticles released into the atmosphere and
to check the level of risk caused by nanoparticles to fire fighters
during an intervention against fire. We also measured production
of nanoparticles during welding and lighting up of entertainment
pyrotechnics. We also selected one chemically non-active nanopar-
ticle of carbon - fullerene - which occurs in soot from burning
wood, soot from fire of organic and crude oil products, in emissions
from coal power plants, car exhaust fumes, in municipal emissions
etc. [7-13]. With those nanoparticles we focused on their poten-
tial “favorable® use as a radioprotective, radical-based extinguish-
ing agent and nanocomposite.

3. Pilot measurement of quantities and distribution of
nanoparticles from various anthropogenic sources

Measuring points:

L Prague underground carriage, under operating conditions,
line C,

II.  City transportation bus (MHD) in Prague No. 189, under
operating conditions

III.  Car driving on the same route as the bus No. 189,

IV. Office building in the center of Prague, Senovazné nam. -
Dlazdéna street,

V. At fires with various composition of burning materials,

VI. At exhaust pipes of a regular Diesel engine and of a modern
environment-friendly engine,

VII. Simulation of lighting up of entertainment pyrotechnics,

VIII. Welding in a maintenance workshop.

The following conclusions may be drawn from the results:

- Itis impossible to positively define a small increase in the quan-
tity of nanoparticles depending of the occupation rate in the
underground carriage. Other involved factors may include the
ground-level location of the stations and the routes which are
close to the extremely busy arterial road (ventilation shafts).

- The concentration of nanoparticles which affects passengers in
the city transportation bus No. 189 is by one order of magnitude
higher than in the underground on the line C (max. 36.7.103
N/cm3 in the underground carriage, 260.103 N/cm3 in the bus).
Even in this case it is impossible to demonstrate a positive effect
of the number of passengers on the concentration of nanopar-
ticles but it is rather the effect of intensity and composition of
the traffic.

- The effect of intensity of the surrounding traffic was demon-
strated by measurements in a driving car: the quantity of parti-
cles increased in the proximity of a slip road to the Prague ring
road and D1 motorway (location Kacerov).

- A certain protection of persons against nanoparticles in a driving
car may be provided by lower ventilation intensity and pollen
filter.

- Probably the most risky particles are those smaller than 50 nm
due to their potential ability to penetrate cellular protective bar-
riers. Particles of that size were primarily identified in the prox-
imity of Kacerov, which is again the location close to a slip road
to the Prague ring road and D1 motorway. In the underground
it was the section (although with a much lower value than in the
bus) that passes through the center of Prague near the arterial
road (Pankrac - Florenc).

- Alarming was the finding that particles smaller than 40 nm were
those measured most frequently in the city bus.

- The number of nanoparticles in the office building used by non-
smokers for regular office activities was slightly lower than in
the proximity of the building (ca. units .103 N/cm3).

- When measuring nanoparticles on individual floors in the build-
ing wing in the Dlazdéna street no relation was found between
the quantity of nanoparticles and the floor level.

- An extreme increase of the number of nanoparticles was found
in an office where people regularly smoked. When three people
were smoking at the same time in the office the number of nano-
particles increased by up to two orders of magnitude (their values
were comparable with those for traveling in the city traffic).

- An increased number of nanoparticles was also found in a regular
maintenance workshop.

- During fires and during their extinguishing there is a high increase
of aerosol nanoparticles, depending on the composition of burn-
ing components (the measuring devices got congested with pro-
ducts of combustion of mostly crude oil-based materials).

- An increase of the total amount of aerosol nanoparticles was
found for the classical Diesel engines but in the case of a modern
Diesel engine we found an increased number nanoparticles whose
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size makes them more risky for human health and for the envi-
ronment (for comparison see Figs. 2 and 3).

It was demonstrated that the concentration and size of nanopar-
ticles changes depending on the distance from the source (see
Fig. 3). This is caused by dispersion and mainly by coagulation of
the particles (aggregation, agglomeration, adsorption of nanopar-
ticles on microparticles, etc.).

COMMVINICIONS

- The risk area of that size of nanoparticles was also found in the
case of the regular engine, before it was heated to the operating
temperature (see Fig. 2).

- Apart from particles generated by the fire and its extinguishing,
firefighters are also exposed to nanoparticles that may be pro-
duced by their own firefighting technology, i.e. by fire-fighting
trucks, Diesel aggregates, etc. (see Fig. 4).
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- The increase in the number of nanoparticles after lighting up of
entertainment pyrotechnics is two orders of magnitude in com-
parison with the background levels.

- The size of nanoparticles produced by the lighting up of enter-
tainment pyrotechnics is greater than 100 nm - as measured in
a relatively big distance from the source. Also in this case we
could observe the time dependence of coagulation.

- Dangerous nanoparticles smaller than 100 nm are generated
immediately in the course of welding and they subsequently
coagulate.

The presented results of the performed experiments have the
character of only basic measurements. It is very difficult to measure
the number of nanoparticles and the results are influenced by many
factors (e.g. air flow, temperature, humidity, distance from the
source etc.). It is nearly impossible to get reproducible results of
measurements and it is one of the biggest problems of standardi-
zation of nanoparticles in respect to their impact on human health
(toxicity) and the environment. For this reason the published con-
clusions shall be applicable only for the specific situation [14].

Alarming was the finding that particles smaller than 50 nm
were essentially most frequently present during fires, fire extinguish-
ing, welding and at exhaust pipes of a modern Diesel engine and of
a cold classical Diesel engine. This corresponds to the discussion
and statement [15] that improved combustion in modern Diesel
engines extremely reduces the ratio of big particles, however, at the
expense of increased emissions of extremely small particles. As
the authors say: “The fact that you see no smoke coming out from
the exhaust pipe is reassuring for the eye but the problem is actu-
ally in something that cannot be seen. We dare say that the same
applies for fires.

4. Fullerene - carbon nanoparticles

Carbon is the basic element which forms organic compounds
and it has two allotropic forms - graphite and diamond. The third
carbon modification was discovered in 1985 (R. E. Smalley and
R. F. Curl - American professors and British professor H. W. Kroto,
they received the Nobel prize for chemistry in 1996), which are
giant molecules made of more than twenty atoms of carbon situ-
ated in the corners of various polyhedrons, including more or less
spherical shapes. Those molecular formations were called fullerenes
in remembrance of the renowned American architect R. B. Fuller
(they are similar to a skeleton of the geodesic dome designed on
the occasion of the World Exhibition in Montreal in 1967).

The best known and, by its properties, the most interesting
molecule from among fullerenes is the molecule Cg,. In compari-
son with other fullerene molecules it has the most perfect spherical
shape and the structure of truncated icosahedrons, whose surface
is made up of twenty hexagons and twelve pentagons (analogy to
a football), see Fig. 5.

The basic difference from graphite and diamond is the solubility
of Cy, in non-polar organic solvents, such as THF, toluene, benzene,

Fig. 5 Structural molecule Cg,

1, 2 dichlorobenzene, xylene, carbon disulphide etc. Colors of
such solutions are varied, e.g. brown-yellow, violet, red-violet and
they are symptomatic for the transition of 7 - 7 electrons.

Reactivity of fullerene is associated with the internal tension in
the molecule, which is caused by non-planar arrangement of hybrid
sp” orbitals of the carbon atom. Therefore it typically features reac-
tions associated with transformation into sp3 configuration which
leads to a reduction of the internal tension in the molecule. More-
over, the C60 molecule is electropositive, which means preference
of nucleophilic or radical addition to form multiple bonds.

The solubility of fullerene Cg in organic solvents is the first
precondition for a number of syntheses [16]. Results of available
studies that are based on the effects of fullerenes on living organ-
isms are in many respects mutually contradictory [15]. The exper-
iments that we have performed focused on utilization of the ability
of the fullerene molecule to catch radicals and to use is as a radio-
protective, radical extinguishing agent or nanocomposite in organic
polymers.

5. Radioprotective properties of Cg, fullerene derivative

Effects of ionizing radiation on organisms and post-irradiation
changes at the molecular level are associated particularly with
mechanisms related to the formation of reactive water metabolites.
The probability of a direct hitting of an organic molecule (its excita-
tion and ionization) is relatively small in comparison with a cascade
of degradation radical reactions, which are caused by reactive
metabolites generated by radiolysis of water. Hydrogen atoms and
electrons are immediately caught by molecular oxygen to form
superoxide. Extremely reactive is the hydroxyl radical, which imme-
diately, at the place of its formation, reacts with all biomolecules
(saccharides, aminoacids, phospholipids, nucleotides and organic
acids) and strips them of hydrogen. This launches other radical
reactions with the resulting damage of membranes. The radical
reacts in the same manner with deoxyribose in DNA. It is also
capable of an addition reaction with aromatic rings of purine and
pyrimidine bases, which are a part of DNA and RNA. The reason
of the limited development of Cy, alone in biological applications
is its minimum solubility in the water environment. But thanks to
its reactivity it is possible to perform its organic functionalization
with hydrophilic groups, which increases its solubility in water.
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This inspired us to prepare a derivative of fullerene (DF) functio-
nalized with -OH, -COOH by means of its oxidation with peracetic
acid /17/.This derivative is partly soluble in water and its FTIR
spectrum is shown in Fig. 6

For the purposes of our experiments we prepared 65 liters of
DF stock solution with the concentration of 147 mg/1. Fig. 7 shows
the difference between the initial fullerene and its derivative.

The selected model biological organism used for our experi-
ments was the Danio rerio fish in juvenile age (2.5 months) without
sex differentiation. This small vertebrate species has become a suc-
cessful model system to study human diseases; it reproduces quickly
and it is easy to keep in laboratory conditions. Before the test of
radioprotectiveness as such we performed a toxicity test in vivo.
After the toxicity test we concluded that 28 days of exposure of the
Danio rerio fish to DF solution with the concentration 147 mg/L
=+ 0.1 mg/L had no effect on their behavior or alimentary patterns

31,0 4

Fig 7 Supply tank with DF water solution in comparison
with an insoluble Cg,

in comparison with the control group. In a subsequent period of
time the tested fish was kept in DF-free water and we did not find
any visible changes in the behavior of the fish in comparison with
the control group either. Therefore it is possible to conclude that
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the 28-day exposure of the fish to the DF solution with the con-
centration 147 mg/L = 0.1 did not have any visible negative effect
on their health condition.

The test of radioprotective properties of DF consisted of moni-
toring and comparison of the survival time of Danio rerio that was
before the irradiation kept for 5 days in water containing 147 mg/1
DF, with the fish kept only in water.

The irradiation of the individual groups of the fish was with X
radiation with the doses 10, 30, 50 and 70 Gy (therapeutic linear
accelerator Climac 2100CD). Details of the course of the experi-
ments and their detailed results were presented at conferences
Nanocon 2009 and 2010 /17, 18/ Radioprotective effect of DF,
i.e. increase of LT 50 as a result of DF is shown in the diagram in
Fig. 8.

The exposure to 10 Gy resulted in the mortality of the fish in
water up to 10 %, LT50 was not determined. For the fish in the DF
solution the mortality after the exposure to 10Gy was zero. The
biggest effects of DF was found for the exposure to doses 30Gy
and 70 Gy and LT50 increased by 71.4 % and 77.5 % respectively.
For the exposure to 50 Gy LT 50 increased by 46.5 %. LT 50 indi-
cators were nearly the same within the observation error (max. = 1
day) for the fish kept in DF an exposed to the doses 50 and 70 Gy.

The completed detailed experiments have shown that the devel-
opment of the mortality is not dependent on the duration of expo-
sure to DF solution after the irradiation. Results of the tests are
identical for organism kept in the DF solution for the entire mon-
itored period, for the fish relocated into water after one week after
the irradiation and for the fish placed into water immediately after
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