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jejímu využití mohu jen se souhlasemVŠB-TUO, která je oprávněna v takovém
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• Beru na vědomí, že odevzdáním své práce souhlasím se zveřejněním své práce
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Abstract

Kalbáčová, Jana. On solid particles in the respiratory system of occupationally exposed

workers. Ostrava, VŠB - Technical University of Ostrava, University Study Pro-

grammes, 2013, 65 p. Thesis supervisor: Doc. Mgr. Jana Kukutschová, Ph.D.

The diploma thesis is dealing with the presence and character of solid particles

in exhaled breath condensate of workers occupationally exposed to titanium based

nanomaterials. The theoretical background explores a current literature on translo-

cation of nanomaterials in the respiratory system, their potential health risks and

potential occupational exposure of workers to suspended nanomaterials. The sam-

ples were analyzed using the selected techniques: Raman microspectroscopy, scan-

ning electron microscopy, Fourier transformed infrared spectroscopy, ultraviolet-

visible spectrophotometry, atomic force microscopy, and dynamic light scattering.

The presence of titanium was observed in the majority of the samples. The most

promising techniques to study the exhaled breath condensate samples are Raman

spectroscopy, due to its ability to distinguish between single crystalline phases of ti-

tanium dioxide, and scanning electron microscopy coupled with energy-dispersive

X-ray spectroscopy, which is able to reveal morphology of solid particles and their

elemental composition.

Keywords: Ramanmicrospectroscopy, scanning electronmicroscopy, exhaled breath

condensate, titanium dioxide, occupational exposure, nanoparticles



Abstrakt

Kalbáčová, Jana. Pevné částice z respiračního systému osob exponovaných v pracovním

prostředí. Ostrava, Vysoká škola Báňská - Technická univerzita Ostrava, Univerzitní

studijní programy, 2012, 65 s. Vedoucí práce: Doc. Mgr. Jana Kukutschová, Ph.D.

Diplomová práce se zabývá přítomností a charakterem pevných částic v konden-

zátu vydechovaného vzduchu exponovaných osob z výroby nanomateriálů na bázi

titanu. Teoretická část zkoumá současnou literaturu v oblasti translokace nanoma-

teriálů v dýchacím traktu, jejich možná zdravotní rizika a provozy, kde může dojít k

možnému vystavení pracovníků nanomateriálům. Vzorky kondenzátů byly analy-

zovány vybranými experimentálními technikami: Ramanovou mikrospektroskopií,

skenovacího elektronovou mikroskopií, infračervenou spektroskopií s Fourierovou

transformací, ultrafialovo-viditelnou spektrofotometrií, mikroskopií atomárních sil

a dynamickým rozptylem světla. Titan byl přítomen ve vetšině zkoumaných vzorků.

Jako nejvíce slibnou metodou ke zkoumání vzorků kondenzátu vydechovaného vz-

duchu se ukázala Ramanova spektroskopie, která je schopna rozlišit jednotlivé krys-

talické fáze oxidu titaničitého a skenovací elektronová mikroskopie s energiově dis-

perzním rentgenovým spektroskopem, která umožňuje hodnotit morfologii a ele-

mentární složení pevných částic.

Klíčová slova: Ramanovamikrospektroskopie, skenovací elektronovámikroskopie,

kondenzát vydechovaného vzduchu, oxid titaničitý, pracovní expozice, nanočástice
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1 Introduction

Exposure to nanomaterials has occurred throughout the existence of mankind

with the main sources being of natural or anthropogenic origin. The natural sources

include volcanic eruptions, dust storms or forest fires. On the other hand, exhausts

from combustion engines, fumes from welding and flame cutting processes are typ-

ical examples of industrially originated nanomaterials. Today, the generation of

nanomaterials does not have to be solely unintentional but they are produced on

demand with specific properties.

The definition on "nanomaterial" has been recommended by the European Com-

mission as follows:

"Nanomaterial" means a natural, incidental or manufactured material containing particles,

in an unbound state or as an aggregate or as an agglomerate and where, for 50% or more of

the particles in the number size distribution, one or more external dimensions is in the size

range 1 nm – 100 nm.

In specific cases and where warranted by concerns for the environment, health, safety or

competitiveness the number size distribution threshold of 50% may be replaced by a threshold

between 1 and 50% [1].

Lately, concerns have been raised due to the wide use of nanomaterials in con-

sumers products and hence their increasing presence at workplaces. The new prop-

erties of nanomaterials offer improvements on nearly every aspect of life, but the

new properties can also yield different toxicological effects in comparison to the

bulk material. A number of studies suggest that engineered nanomaterials may

pose a health hazard and thus, more detailed investigations are needed to establish

safe practices where nanomaterials are concerned.

The theoretical part of the thesis describes the widespread use of nanomaterials

in consumers products and the potential life cycle of the nanomaterials. The stress is

given on how nanomaterials can interact with living organisms and especially how

they can be introduced into a human body and the possible mechanisms of their
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toxic effects. In the experimental part, exhaled breath condensate samples were

examined with selected experimental techniques and the suitability and the limita-

tions of those techniques are discussed.
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2 Theory

2.1 Nanomaterials in consumers products

Applications of nanomaterials in various consumer products are rapidly increa-

sing every year. They include cosmetics, drugs, food additives, personal care, cloth-

ing, sporting goods, coatings, and many other. Among the most commonly used

chemical elements in nanomaterials in descending order are silver, carbon, titanium,

silicon, zinc, and gold [2].

Silver is being widely used in medical treatment such as for wound dressings,

bandages and ointments due to its good antibacterial properties. Nowadays not

only medicine is profiting from the ability of silver to kill bacteria cells but it can be

also found in clothing to prevent it from smelling [3]. It is even possible to use a

special washing technology that releases nanoparticles in the washing and rinsing

cycles and coat washed clothes [4] (see Figure 1 for examples). Silver nanoparticles

have been also applied as a coating for inner surfaces of refrigerators.

(a) (b) (c)

Figure 1: Available commercial products containing silver nanoparticles as antibacterial

agent: (a) clothes [3], (b) washing machine [4], and (c) wound dressing [5].

Carbonaceous nanomaterials in use include fullerenes, carbon nanotubes, grap-

hene, nanodiamonds or carbon-like-diamond layers. Their applications range from

water and food treatment, solar cells, sporting goods to drill coatings [6, 7].

High stability, anticorrosive and photocatalytic properties of titanium dioxide

nanoparticles (TiO2 NPs) in comparison to fine particles are the main reasons for
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their abundant production. The property of a very high refractive index and bright-

ness of TiO2 NPs is widely used in pigments, paints, coatings, plastics, papers, inks,

medicines, pharmaceuticals, food products, cosmetics, toothpastes, and even as a

pigment to whiten skim milk. The photocatalytic effect of TiO2 NPs have been most

recently utilized for the self-cleaning and anti-fogging purposes, the applications

include self-cleaning tiles, windows and textiles, and anti-fogging car mirrors and

windshields. This property of TiO2 NPs is also being employed in the photocatalytic

reactions for nanocrystalline solar cells or water cleaning purposes (see Figure 2 for

examples). Of the three TiO2 crystalline forms – anatase, rutile and brookite, the

anatase is being used predominantly [8].

(a) (b) (c)

Figure 2: Available commercial products with titanium dioxide content: (a) SmartCoat an-

tibacterial and antivirotic coating [9], (b) sunscreen [10, 11], and (c) solar cells [12].

The antibacterial property of zinc oxide particles is well known and reducing the

size of the particles to nanoscale proved to enhance this property which is further

employed in biopolymeric materials [13]. In cosmetics, zinc oxide nanoparticles are

used as a filtering agent for the full range of UVA and UVB radiation [14].

Gold nanoparticles have their potential in biosensors, cancer cell imaging, pho-

tothermal therapy, and drug delivery due to their unique surface, electronic and
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optical properties. In consumer products, gold nanoparticles are especially utilized

in cosmetics (see Figure 3) [15].

(a) (b) (c)

Figure 3: Cosmetic products containing: (a) zinc oxide [16], (b) and (c) gold nanopartic-

les [17].

As is evident from above, the usage of nanomaterials in all kinds of industrial ap-

plications and consumer products is already significant and it is likely to be steadily

increasing. Thus, these nanomaterials can be possibility introduced to the environ-

ment and enter ecosystems.

2.2 Life cycle of nanomaterials

The number of studies investigating likelihood and form of release of a nano-

material during the production phase, usage and disposal is low (Figure 4 further

demonstrates the nanomaterials life cycle). Hence, the knowledge in the area of the

exposure of humans and environment is yet to be fully obtained and assessed.

For each stage of nanomaterials life cycle, the exposure evaluation must be per-

formed on whether and to what degree a potential exposure to each nanomaterial

can happen. The consideration for the risk assessment and/or the risk management

should include the characterization of an exposure to nanomaterials. For example,
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Figure 4: Fate of engineered nanomaterials during their life cycle [18].

when a nanomaterial is effectively embedded in a product matrix (i.e. computer

circuit board) the potential for exposure during a routine use is unlikely. How-

ever, during the manufacturing and subsequent steps such as milling, machining,

sanding, and grinding of nanomaterials, the workers can be potentially exposed.

Therefore, workers should be considered in the assessment, as well as consumers

within the reasonably foreseeable misuse of products. Finally, the result of recycling

or disposal at the end of a product’s life needs to be included, as well [18].

The potential release of nanomaterials into the environment can occur at any

stage of the products life cycle. In Figure 5, the exposure model of quantities of

engineered nanoparticles released to the environment is presented. Themodel deals

with all the relevant points of entry to the environment, where aquatic and terrestrial

animals and plants and humans could be exposed [19].

Considering the current technologies for detecting and monitoring nanomate-

rials at the workplace, we are only limited to the airborne measurements which are

not applicable outside of the workplace. Also, the already existing technologies uti-

lized for detecting and monitoring nanomaterials in humans and the environment

are not usable for nanomaterials or are not validated for the relevant measurement

conditions [18].
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Figure 5: Estimation of worldwide production of (a) silver and (b) titanium dioxide na-

noparticles and their release into the environment. All flows are expressed in tons/year,

the thickness of the arrows is proportional to the amount of nanoparticles flowing between

compartments, where dashed lines represents the lowest volume [19].

2.3 Interactions of nanomaterials with living organisms

From the increasing production and use of nanomaterials in our everyday lives

(as seen above), one could wonder about their impact to the human health and the

environment. The new desirable properties of nanomaterials are also likely to in-

duce adverse effects, some of which are not known yet. Therefore a new discipline
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emerged from nanosciences, called nanotoxicology, which can be defined as the sci-

ence of engineered nanodevices and nanostructures that deals with their effects in living or-

ganisms [20]. The existing definition of "toxicology" can be also adapted to nanoma-

terials as: the study of the adverse effects of engineered nanomaterials on living organisms

and the ecosystems, including the prevention and amelioration of such adverse effects [20].

In one of the very first studies on the effects of titanium dioxide nanoparticles on

rats and mice, it was proven that: 1) intratracheally instilled nanoparticles (20 nm)

induce greater response than the samemass amount of fine particles (250 nm), and 2)

when dose is expressed as particle surface area, both can fit the same dose-response

curve provided they are of the same chemical structure [21]. This lead the scientists

to believe that for the determination of the nanomaterials toxicity, it is not just im-

portant to know the size distribution (and the surface area), but some other factors

should be considered as well. Therefore, the following physico-chemical properties

should be taken into account:

• particle size and size distribution,

• specific surface area,

• crystalline/amorphous phase,

• morphology (shape) and roughness,

• surface chemistry, coating, functionalization,

• agglomeration/aggregation state and particle size distribution under experi-

mental conditions,

• water solubility,

• chemical composition, purity, impurities,

• porosity [22, 23].
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2.3.1 Exposure routes to humans

There are three main routes of entry of nanomaterials into the human body to be

considered (see Fig. 6). First, nanomaterials exposure occurs via inhalation of the

atmospheric air. Oral ingestion and dermal exposure are happening mainly due to

therapeutic or cosmetic applications. The intravenous injection can be also consid-

ered as an exposure possibility, i.e. drug delivery.

Figure 6: Nanomaterial biokinetics [22].

Inhalation

One of the most probable exposure scenarios to nanomaterials at workplaces or

during accidental spills happen through the upper respiratory tract. Since in the

lungs, there are approximately 2300 km of airways and 300 million alveoli (the ter-

minal ends of the respiratory tree, where carbon dioxide is released and oxygen is

absorbed), the large surface area is very vulnerable when it comes into contact with
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the environmental atmosphere and suspended ultrafine particulate pollutants – not

just to engineered nanomaterials [24]. In Figure 7, the predicted nanoparticulate

deposition in human lungs is shown. The inhaled air is separated from the blood

capillaries only by a single-cell layer, making it an easy entry for nanoparticles [25].

It was proven in animal testing that high doses of titanium dioxide nanoparticles

can overcome this single-cell barrier and transmigrate into the blood. Another re-

search quantified the amount of iridium and carbon nanoparticles that reaches the

bloodstream to only a fraction (<0.05%) of the original quantity of the administered

dose which was also dependent on the physico-chemical properties of the used na-

noparticles [23].

Figure 7: Prediction of deposition of inhaled particles in the various regions of the human

respiratory tract during nose breathing [26].

Human lungs have a very efficient clearance mechanism for most foreign parti-

cles by the mucociliary transport (see Figure 8 for surface of tracheal epithelium).

The nanoparticles deposited in the alveolar sacs can be removed by phagocytosis

where the macrophages "eat" them and are transported to the bronchial region to be

removed by the mucociliary escalator [26]. Later, they are swallowed and reach the

gastrointestinal tract. However, when the phagocytosis is activated, a substantial
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Figure 8: Scanning electron microscope image of lung tracheal epithelium [27].

amount of reactive oxygen radicals, proteolytic enzymes, pro-inflammatory media-

tors and growth-regulating proteins is released. This may further lead to both acute

and chronic lung inflammation [25]. Even though the macrophages can be success-

ful in removal of nanoparticles, the count number of nanoparticles is so large that

some of them will be deposited in alveoli or enter the alveolar interstitium. The

recognition is also dependent on the nanoparticle type. For example, quantum dots

are rapidly phagocytosed in contrast to multiwalled carbon nanotubes [28].

As titanium dioxide particles are one of the most widely used and utilized nano-

material [2] and it is also the material in question of the experimental part of the

thesis, the attention of a lot of researchers is focused right here. Early studies, for ex-

ample [29], used doses up to 2 mg of nanoparticles (crystallinity of TiO2 unknown)

per rat. They showed a significant increase in the number of alveolar macrophages

after intratracheal exposure and suggested that the exposure to nanoparticles induce

oxidative stress. Recent studies are performed with more realistic – lower – doses.

However, their findings differ. For example, Roulet et al. [30] intratracheally instilled

rats with doses of 100 or 500 ♠g (TiO2 anatase, average size 12 ± 2 nm, surface area

141 ± 6 m2/g) which corresponds to a dose of 0.4 and 2 mg/kg, respectively. They

concluded that the nanoparticles themselves did not induce inflammation. On the
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other hand, an instillation study carried out on mice with the same doses per ani-

mal, 100 and 500 ♠g (corresponds to a dose of 10 and 25 mg/kg, respectively; TiO2

rutile, average size 21 nm, surface area 50 ± 15 m2/g) reported severe pulmonary

inflammation and emphysema1 in the mouse lung one week after a single instilla-

tion [31]. In another study, mice were exposed in whole-body chamber acutely (4 hr)

to 0.77 or 7.22 mg NPs/m3 or subacutely (4 hr/day for 10 days) to 8.88 mg NPs/m3

(TiO2 anatase, average size 3.5 ± 1 nm, surface area 219 ± 3 m2/g). The acutely

exposed mice did demonstrate only a minimal lung toxicity or inflammation. Mice

exposed subacutely had higher counts of total cells and alveolar macrophages in the

bronchoalveolar lavage (BAL) fluid one and two weeks post-exposure, but recov-

ered by the third post-exposure week. Another paper was published by Hussain

and co-workers [32], where they modulated an asthmatic response in mice. The

nanoparticles (TiO2 anatase, average size 3.5 ± 1 nm, surface area 219 ± 3 m2/g)

were introduced to the respiratory system in a suspension containing only 16 ♠g per

mouse (corresponds to 0.8 mg/kg) via oropharyngeal aspiration. Mice exposed only

to nanoparticles showed mild cellular inflammatory response comprised mainly on

macrophages. However, the number of macrophages in the BAL fluid for the sen-

sitised2 animals was significantly higher. The X-ray analysis of the particles in the

macrophages confirmed that they were the same particles, the mice were exposed

to. These results indicate the possibility of aggravation of chemically induced occu-

pational asthma in the presence of nanoparticles.

The studies mentioned above and others carried out on cell cultures, for exam-

ple [33], are still not sufficient for full risk assessment and further research on the

topic is needed.

Ingestion

Nanomaterials can also enter a body via oral pathways. The possibilities in-

volve swallowing macrophages containing nanoparticles (see above), direct inges-

tion in food as a food additive or drug delivery devices and/or they might appear

1a long-term lung disease caused by destruction of structures feeding the alveoli
2to make hypersensitive or reactive
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in the water supply [22, 26]. Scientists generally agree on the fact that the absorp-

tion of nanoparticles increases with decreasing particle diameter for sizes below

1 ♠m. That also means that aggregation/agglomeration of nanoparticles can lead

to the decreased absorption in the gastrointestinal tract. The nanoparticulate up-

take can be accomplished by the intestinal system by microfold cells in the Peyer’s

patches, the isolated follicles of the intestinal-associated lymphoid tissue and by en-

terocytes3 with uptake degree dependent on the nanoparticle’s characteristics (see

page 18) [34]. Also, the conditions in the human gastrointestinal tract can influence

properties of the ingested nanomaterials. During the digestion, which may take up

to 3–4 hours, different acids, enzymes, and pH (as low as 1 in stomach) help to pro-

cess and decompose the ingested material. This environment may possibly generate

toxic compounds [35].

There is not a lot of available information concerning gastrointestinal toxicity.

The toxicity tests with quantum dots (CdSe core, ZnS shell and polyethylene glycol

coating) on enterocyte-like Caco-2 cells indicated that the toxicity may vary depend-

ing on the coating and acid treatment. It was shown that the gastrointestinal acid

can damage the coating and thus expose the quantum dots core which can come

into contact with cells and induce their death [35]. Another research done by Be-

rardis et al. [36] showed that independent of the choice of the dose expression (mass

or surface) the cytotoxic effect on human colon carcinoma cells of zinc oxide parti-

cles in comparison to fine titanium dioxide (negative control) remained the same.

This shows that on the contrary to the common belief, the dose expressed as surface

area is the graph of choice for nanoparticles toxicity [21]. The latter was also con-

firmed by the study on silver nanoparticles. The study showed that the antibacterial

activity increased with the decreasing size of the silver nanoparticles. As silver na-

noparticles already have found their way as an "alternative" health supplement and

are considered as the replacement of the standard antibiotics for animals, the gastro-

intestinal exposure is becoming more plausible. Therefore, a large study issued by

Loeschner et al. [34] was carried out to assess the distribution of silver nanoparticles

3small intestine and colon epithelial cells



24

in rats which were repeatedly orally exposed for 28 days. They compared the dis-

tribution of silver in rat organs to silver acetate (source of silver ions). The highest

silver concentrations were found in the small intestine, stomach, kidneys, and liver

tissue. In relation to silver acetate, they found approximately 40–50 wt% in kidneys,

stomach, brain, and plasma and 10–20 wt% in muscles and lungs of the dose of sil-

ver nanoparticles. They also concluded that the concentration of silver in tissues

cannot be solely a result of silver ions activity due to the higher silver presence in

tissues than the measured concentration of silver ions in the administered solution.

However, further studies are required on the topic.

Dermal

Although the pulmonary and oral exposures are considered to be the two utmost

portals for entry of nanomaterials, for the consumers taking advantage of the state-

of-the-art clothing, sunscreens, protective coatings, drugs for dermal applications

and wound dressing containing nanoparticles, the dermal contact can be the most

relevant uptake path.

Skin is the human body largest organ with its surface area 2 m2 in a 70-kg indi-

vidual. It serves to protect the organism from environmental stresses and pathogens,

avoids heat and fluid losses, to an extent responds tomechanical forces and provides

insulation and calorie reserve. Human skin consist of three main layers: epidermis,

dermis, and an underlying dermis of connective tissue – the subcutaneous tissue

(see Figure 9). The epidermis is further composed of stratum corneum and stratum

corneum disjunction (mostly dead epithelial cells which make the first barrier against

foreign bodies), stratum granulosum stratum spinosum and stratum basale (living basal

cells). Embedded in the dermis are hair follicles with sebaceous glands and sweat

glands [37].

The full understanding of the processes behind the skin penetration of the nano-

particles is not clear yet. However, two possible penetration routes have been sug-

gested. One leads through the intercellular spaces and the other via the appendage

routes using either hair follicles or sweat glands [39].
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Figure 9: Human skin anatomy [38].

In bulk form, the main additive to protect from UV light in sunscreens is tita-

nium dioxide and zinc oxide, which leave behind a white coating. However, in

nanoparticulate form they become transparent and thus making it more desirable

for consumers [40]. Earlier studies performed on titanium dioxide nanoparticles

were not very conclusive. The hairless mice exposed to different sized TiO2 na-

noparticles for 60 days showed a penetration through skin and reached different

organs such as liver, pancreas or brain [41]. On the other hand, an investigation

performed on the porcine skin revealed that nearly all applied titanium dioxide in

cosmetic formulation was found in the tape strips and virtually the total amount

could be removed from the skin by washing [42]. Also in the study on minipigs,

a sunscreen containing 5 wt% TiO2 nanoparticles was applied, a significant pene-

tration through the intact normal epidermis was not indicated [43]. The hypothesis

on the penetration through hair follicles and pores had been tested by Bennat and

Müller-Goymann [44], and on human skin they described the ability of the 20nm

nanoparticles of TiO2 to penetrate into the deeper layers of the stratum corneum.

Lately, the attention of researchers has been focused on the investigations with

damaged and sun-irradiated skin. In in vitro tests on an intact, damaged, irradiated

and damaged/irradiated pigskin, the 20nm nanoparticles of TiO2 (other physico-
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chemical characteristics were not determined) were found only in the uppermost

layers of the stratum corneum [45]. Using commercially available sunscreen for-

mulations containing titanium dioxide (rutile coated with silica, primary size of

10 × 50 nm, surface area of 100 m2/g) and zinc oxide (coated with triethoxycapry-

lylsilane, primary mean size of 140 nm, surface area of 12–24 m2/g), they con-

firmed that in vivo and in vitro applied nanoparticles on the pigskin, can penetrate

deeper into the sunburned skin but primarily only to upper layers of the stratum

corneum [46]. Studies with applied mechanical stress - to simulate walking, are not

available for titanium dioxide nanoparticles yet. Even though few research groups

suggested otherwise, the Nanodermatology Society believes that TiO2 and ZnO na-

noparticles do not pose serious health risks to consumers and even proposes their

use especially in the summer months [47].

Silver and gold nanoparticles are being usedmore extensively in clothes, cosmet-

ics, and for wound dressings. However, in comparison to TiO2 and ZnO nanopar-

ticles, the studies on the dermal exposure to Ag and Au nanoparticles are scarce. In

vitro investigation on human cells with 25 nm silver particles showed that silver can

pass through intact human skin to the stratum corneum and the other upper layers of

the epidermis and that the penetration was five times higher in damaged skin [48].

The same group similarly studied gold nanoparticles (12.6 ± 0.9 nm). The nanopar-

ticles permeated into the stratum corneum, epidermis and dermis and the penetration

was dose-dependent in all layers of the human skin. The gold concentration was

significantly higher in the damaged skin than in the intact skin [49] and the overall

penetrated amount was greater compared to the silver nanoparticles [48]. Sonavane

et al. [50] showed a size-dependent gold nanoparticle permeation through rat skin –

as the size of particles decreased, the amount of particles found in the deeper region

of the skin increased. The nanoparticles (sizes of 15, 102, and 198 nm) penetrated

into the epidermis, dermis, fibrous layer, and adipose tissue. From the observations

using transmission electronmicroscope (TEM), they suggested the permeation route

via skin appendages.
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Only a few studieswere focused on the skin penetration of nanoparticles through

mechanically stressed skin. Rouse et al. [51] demonstrated the penetration with

amino acid-derivatised fullerene. In their experiment, porcine skin was flexed for

60 or 90 min or left non-flexed as a control sample. The penetration was the greatest

for 90 min flexed samples and the fullerenes reached even the dermis. In the control

samples, fullerenes also reached the dermis but in substantially lower concentra-

tions. The TEM analysis further verified the permeation via intercellular spaces.

Injection

Currently, not much attention is given to the toxicological effects of nanopartic-

les injected directly into the target tissue or the bloodstream. Especially the latter

can be a source of concern, because it bypasses the natural barriers such as the skin

or the intestinal epithelium and can be more easily distributed throughout the body

(for possible translocation routes see Figure 6). However, there is hope to develop

new therapeutic and diagnostic applications of nanoparticles, i.e. cancer treatment.

Only a few papers can be found on nanoparticles adverse effects with an exception

of gold nanoparticles, and the findings are contradictory so far. For example in two

experiments mice [52] and rats [53] were intravenously injected with gold nanopar-

ticles of different sizes – 15–200 nm to mice (1000 ♠g/kg dose) and 10–250 nm to

rats (77–120 ♠g/kg dose). The nanoparticles of all sizes were mostly accumulated

in the liver, spleen, and lung (only in mice) tissue. Also, the distributed amount of

the smaller nanoparticles was higher in all the tissues including blood, liver, lung,

spleen, kidney, heart, and brain. Both studies indicate that the smaller nanopartic-

les (10 and 15 nm) can cross the blood-brain barrier and enter the brain. Another

study on mice with 13.5nm tail vein injected gold nanoparticles (in the doses of

137.5–2200 ♠g/kg), however, did not show any statistically significant differences to

control samples and hence the authors recommend this exposure route as suitable

for biomedical applications [15].

Chen and co-authors performed an intraperitioneal injection to mice in various

single 0–38.88 mg doses of TiO2 nanoparticles (anatase, primary size 3.6 nm, size

distribution mostly of 100 nm in diameter) per mouse and determined the titanium
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distribution in different organs. The accumulation in spleen was highest through-

out the experimental period (up to 14 days). Otherwise, nanoparticles mainly re-

tained in lung, kidney, and liver tissue [54]. Another study, where mice were intra-

venously injected with silica particles (core diameter of 50, 100 and 200 nm) and the

tissue distribution and excretion was investigated, have not shown any significant

response for 50nm nanoparticles. Especially these particles were rapidly cleared by

urine and bile but as the particle size increased, the more particles were trapped by

macrophages of the spleen, and liver [55]. In comparison, the silica coated CdSeS

quantum dots (QDs) (21.3 ± 2.0 nm) have been also intravenously injected to male

mice as a single dose of 5 nmol per mouse. The QDs mainly accumulated in the

liver, kidney, spleen, and lung and were rarely found in the heart, brain, bone, mus-

cle, and spermaries. All the targeted organs were cleared 48 hours post-exposure

with the exception of liver, where even after 120 hours 8.6% of the initially injected

dose was found. Mice urine and feces were collected throughout the experiment

and hence, the QDs half-life was calculated to be 19.8 ± 3.2 hours [56].

2.3.2 Possible mechanisms of nanoparticle’s toxic effects

Once nanoparticles enter the human body via inhalation, ingestion or dermal

routes, subsequently they can promote DNA damage in direct or indirect mecha-

nisms. Nanoparticlesmay penetrate into the cell through passive diffusion, receptor-

mediated endocytosis and clarthrin- or caveolae-mediated endocytosis and further

to nucleus either through diffusion across the nuclear membrane, transport through

the nuclear pore complexes or they may become enclosed in the nucleus by chance

following mitosis. Then, the nanomaterial can directly interact with DNA or DNA-

related structures which may lead to physical damage of the genetic material. The

indirect mechanisms of the DNA damage involve nanomaterial interaction with

other cellular proteins, i.e. those involved in the cell division process. The cellular

responses leading to genotoxicity include oxidative stress, inflammation and aber-

rant signalling responses [57].
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The oxidative stress is thought to be the key mechanism for genotoxic effect

of nanomaterials. It is caused by imbalance between intracellular reactive oxygen

species (ROS) and antioxidants. The unfavourable reaction of ROS with the cellu-

lar macromolecules (DNA, proteins and lipids) can disturb the homeostasis of the

intracellular environment. Among the reactive oxygen species belong superoxide

(O•
2
), hydrogen peroxide (H2O2), hydroxyl radical (HO

•) and other compounds con-

taining oxygen radical.

It has been reported that most of the HO• are generated in vivo by the Fenton

reaction:

2O•–2 + 2H+ −→ H2O2 +O2 (dismutase reaction), (1)

H2O2 +Mn+ −→ HO• +HO–
+M(n+1)+(Fenton reaction), (2)

where M represents a transition metal. Ions of these metals (iron, titanium, zinc,

cadmium, copper etc.) released from nanoparticles can cause the ROS generation

and thus induce the DNA damage [57].

It was demonstrated that TiO2 nanoparticles do not release titanium ions. How-

ever, as a semiconductor with the band gap value of 2.96–3.26 eV (for different crys-

tal structures) they can produce an electron-hole pair after absorbing a photon (h♥).

For example, we can consider the absorbed couple H2O/O2 (the illustrative chain

of reaction is presented in Figure 10). Water gets oxidized by positive holes and

splits into •OH and H+ and oxygen is reduced by the photoelectron to superoxide

radical anion (•O–
2) which can react with H

+ and generate hydrogen dioxide radical

(•HO2). The hydroxyl-free radical
•OH is highly reactive, short-lived, can penetrate

cell walls and break DNA strands. Due to the negative charge, the superoxide an-

ion (O–
2) cannot penetrate the cell walls. On the other hand, hydrogen peroxide can

penetrate the cell walls and get activated by a ferrous ion (Fe+2 ) through the Fenton

reaction [58].

Unfortunately, the proposed mechanism for TiO2 nanoparticles cannot be gen-

eralized for other nanoparticles. A study on carbon nanotubes suggested that the

DNA damage comes from mechanical injuries as the nanotubes penetrate into cell
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Figure 10: Possible ROS products in the chain reaction after TiO2 absorbtion of a pho-

ton (h♥) [58].

nucleus through the nucleopores [59]. Another research with ZnO nanoparticles

observed decreased cell viability and rise of ROS, but the intracellular uptake of na-

noparticles was not noted. Thus, the authors assume that the mechanism of the ROS

production is activated by intracellular signals and zinc ion release [36].

The full mechanism of cyto- and genotoxic effects of nanoparticles is still under

discussion and further studies should be carried out in order to clarify the possible

interactions.

2.4 Occupational exposure

Given the nanomaterial production is rising each year, the matter of potential

workers exposure should also be addressed. The issue is very complex, ranging

from determining the monitoring of the workplace environment and characteriza-

tion of the airborne particles to finding suitable techniques of routine workers ex-

amination. The risk management hierarchy includes methods such as engineering

controls (facilities and process design, local exhaust ventilation), administrative con-

trols (i.e. altering the amount of exposure time), and personal protective equipment.

To ensure the safety of workers, the already in place solutions for risk management
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at workplaces should be seen as a cyclic process of the problem evaluation, correc-

tions, and solutions and the inclusion of biological monitoring and medical screen-

ing and surveillance is necessary [60]. Thus, the need for new solutions and new

technologies arises.

The main exposure route relevant in occupational exposure is via inhalation,

when the nanomaterial is suspended in the air. Thus, the standard screening meth-

ods for evaluation of body fluids like blood or urine might not be sufficient.

2.4.1 Epithelial lining fluid sampling techniques

Bronchoalveolar lavage

The most used technique for obtaining epithelial lining fluid is bronchoalveolar

lavage (BAL). Warmed saline is instilled into the lungs (often to the right middle

lobe) and the fluid exchange between airspaces, vascular compartments, and in-

terstitium may occur. After a set dwell time, the fluid is recovered from the lung

for examination [61]. Usually, BAL is used to diagnose respiratory infections espe-

cially for the immunocompromised patients (i.e. for pneumonia), lung cancer [62] or

interstitial lung disease. During the inflammatory process, macrophages and neu-

rotrophiles can release great amounts of ROS, which can be detected in the BAL

fluid [63]. Unfortunately, the technique has its limitations due to the invasiveness,

and in certain cases it can be insensitive to the inflammation [64].

Exhaled breath condensate

A very promising, relatively new technique of choice to investigate various bio-

markers from the entire respiratory tract (more precisely epithelial lining fluid) is

exhaled breath condensate (EBC) analysis. This very simple and most importantly

non-invasive technique does not disturb an ongoing inflammation and in compar-

ison to the invasive techniques (such as BAL), the samples can be collected from

healthy lungs without general disdain to gain knowledge about normal airway fluid

components and variability [65]. EBC can be potentially applied to discriminate

between different inflammatory phenotypes such as asthma, to assess severity of
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airway inflammation, to monitor treatment and control diseases, early diagnosis of

preschool children and to monitor effects of co-morbidities and environmental ex-

posures [66]. The three principal contributors to EBC are:

• aerosolized variable-sized particles or droplets from the airway lining fluid,

• distilled water condensed from the gas phase of the nearly water-saturated

exhalate,

• water soluble volatiles exhaled and absorbed into the condensing breath.

Due to the novelty of the use of EBC, there is no clear consensus whether it should

be considered a bodily fluid – it is a matrix containing many biomarkers, or a con-

densate of exhaled gas – avoiding the potential government regulatory issues for

laboratory assessment of "body fluids" [65]. Also, the methodology still remains

controversial and standardization is still needed [66]. However, a recent study mea-

sured the difference in parameters collected by two EBC collection devices and it

was negligible. The two most commonly used commercially available devices are

depicted in Figure 11 [67].

2.4.2 Current knowledge on occupational exposure to nanomaterials

Recent studies on occupational nanomaterial exposure mostly focus on finding

the suitable techniques for measuring the airborne nanoparticulate presence at the

workplace environment [70, 71, 72]. There are currently no exposure limit regu-

lations for the engineered nanomaterials nor any national or international consen-

sus standards on measurement techniques for nanomaterials in the workplace [71].

However, the Occupational Safety andHealth Administration (OSHA) recommends

specific exposure limits to nanoscale particles of TiO2 not to exceed the value of

0.3 mg/m3 and for carbon nanotubes and carbon fibers the value of 1.0 ♠m/m3 as a

8h time-weighted average (TWA), respectively [73]. With the new and uncharacter-

ized materials, it is, however, recommended to keep the exposure as low as possible
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(a) (b)

Figure 11: Commercially available exhaled breath condensate collection devices. (a) RTube

(Respiratory Research, USA) [68] and (b) ECoScreen (Jaeger, Germany) [69].

and to employ good occupational safety and health practice [71]. Other recommen-

dations include:

• engineering controls such as source enclosure and exhaust ventilation for an

effective control of released engineered nanomaterials,

• shop-style vacuums or vacuum cleaners with properly maintained high-ef-

ficiency particulate air (HEPA) filtration for effective capture of nanomate-

rials [72].

For better correlation between exposure (dose) and health effects, more detailed

studies of health exposure are desirable to determine the fraction of the airborne

particle concentration deposited in the lungs rather than determining the total con-

centration in the air [74]. To the author’s knowledge, only exposure models are

available at the moment.
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2.5 Experimental techniques suitable for characterization of body

fluids

2.5.1 Raman microspectroscopy

Raman spectroscopy is a non-destructive and non-contact light scattering tech-

nique, where a photon of monochromatic light interacts with a sample. In general,

a photon can be reflected, absorbed or scattered in some manner. In Raman spec-

troscopy, the radiation that is scattered at different wavelengths (inelastic scattering)

is most important. The analyzed scatter radiation includes the incident radiation

wavelength – called Rayleigh scattering, and a small amount of radiation that is

scattered at some different (higher or lower) wavelength – called Stokes and Anti-

Stokes-Raman scattering (see Figure 12 for illustration), where Stokes scattering is

by far stronger than Anti-Stokes scattering. The amount of energy changed (either

lost or gained) by a photon is characteristic of each bond (vibration) present. Due

to the symmetry of the molecule, not all vibrations might be observable. However,

sufficient information is most often present and enables a very precise characteriza-

tion of the molecular structure [75]. In a crystal structure, a photon is inelastically

scattered by the crystal and a phonon is created or annihilated. The process is called

the Raman effect [76]. The use of Raman microscopy offers the advantage of a very

small sample area or volume to be analyzed [75].

2.5.2 Scanning electron microscopy

The scanning electron microscope (SEM) is among the most popular tools for

sample imaging. When compared to the optical microscope, it bears many similar-

ities. However, instead of photons, it utilizes an electron beam which is of much

higher wavelength (energy) and thus, higher resolution can be achieved. Another

difference is the use of electromagnetic lenses to focus the beam, not conventional

ones. As the sample can react with the beam in different ways, several modes of

operation can be employed. Multiple detectors can be used to collect several signals

simultaneously to be displayed individually or altogether. The secondary electron
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(a) (b)

Figure 12: (a) Illustration of light scattered from a molecule and (b) diagram for Raman

scattering, modified from [75].

(SE) imaging takes advantage of secondary electrons emitted by the sample under

the irradiation. The electrons are of low energy and can travel only short distances in

the sample (3–10 nm). They emerge from a shallow "escape" region beneath the sur-

face and hence carry the information about the morphology of the sample. Unlike

the secondary electrons, the back scattered electrons (BSE) are products of incident

electrons that have been scattered through angles approaching 180◦ within the sam-

ple. As the yield of electrons is increasing with the atomic number of the sample,

the mode can distinguish between regions of the sample with different low and high

atomic number. The microanalysis of the sample can be carried out by determining

the intensity of characteristic X-ray emission wavelength and thus determining the

particle composition [77].

2.5.3 Fourier transform infrared spectroscopy

Infrared (IR) spectroscopy has been used since the 1940s. However, the most sig-

nificant advance has been done by introducing an interferometer and establishing

the mathematical process of Fourier transformation to the instrument instead of us-

ing prisms or diffraction gratings as a dispersive element. The technique is based on

the vibrations of atoms of a molecule. When an infrared spectrum passes through
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(or is reflected from) the sample, a fraction of the incident radiation is absorbed at

a particular energy. The energy at which any peak in an absorption spectrum ap-

pears, corresponds to the frequency of a vibration of a part of the sample molecule.

The advantage of infrared spectroscopy is the range of the types of samples that

can be studied – from gases, liquids and solutions to powders, films, and others.

To be able to use the technique for the evaluation of a sample, the electric dipole

moment of the molecule must change during the vibration. The dipole moment of

such molecules changes as the bonds expand/contract or bend. The IR spectrum

can be divided into three main regions – near-infrared (13 000–4000 cm−1), mid-

infrared (4000–400 cm−1) and far-infrared (400–10 cm−1). Due to the higher energy,

the far-infrared region can provide the information about vibrations of molecules

containing heavier atoms, molecular skeleton vibrations, molecular torsions, and

crystal lattice vibrations [78].

2.5.4 Atomic force microscopy

For the very accurate mapping of the surface topology, a technique called atomic

force microscopy (AFM) is one of the first to think about. In principle, a macroscopic

cantilever with a sharp tip can bend by atomic forces upon the interaction with the

sample surface. A laser beam is transmitted to and reflected from the cantilever

measuring its orientation. The reflected beam is registed by a position-sensitive

detector and the data is sent to a computer for processing to provide a topological

image of the sample. However, not only the direct contact of the tip with the sample

provides the topological information; forces acting at different distances such as van

der Waals, magnetic, and electric can cause the tip to vibrate (the tip partly comes in

contact with the sample) or the measurements can be even performed in so-called

non-contact mode [79].

2.5.5 UV-VIS spectrophotometry

In general, ultraviolet-visible (UV-VIS) spectrophotometry is used to measure

the percentage of radiation that is absorbed at each wavelength. Molecules con-
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taining ♣-electrons or non-bonding electrons can absorb energy from ultraviolet or

visible light and excite electrons to higher anti-bonding molecular orbitals. Also,

materials with band gap (the energy separation of valence and conduction bands)

can be characterized by their absorption edge or band edge [80]. The spectral posi-

tion of an edge is characteristic for chemical compounds and even different crystal

phases. For example, the anatase crystalline form of TiO2 has the band gap value of

3.26 eV and the rutile crystalline form of TiO2 of 3.05 eV, respectively. The band gap

can be shifted by changing the electronic structure of the compound and particle

size [81].

2.5.6 Dynamic light scattering

The underlying principle of dynamic light scattering (DLS) measurements is the

Brownian motion of the molecules/particles. The technique is used to determine

molecule/particle size by utilizing the Einstein-Stokes equation. A laser beam is

directed to the sample, the light is scattered on the moving particles accompanied

by the change of its wavelength. The shift is directly related to the particle size and

thus it is possible to calculate the particle size distribution [82].
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3 Experimental

3.1 Characterization of working environment

The environment monitoring of the plant was conducted by the team of Profes-

sor Pelclová of the 1st Medical Faculty, Charles University, Czech Republic. The par-

ticle number size distributions, the particle number concentrations, and the particle

mass concentrations were evaluated. Number concentration of particles and mass

concentration in the plant varied; the obtained total values were of 1·104 to 2·105 air-

borne particles/cm3 and of 0.1 to 30 mg/m3, respectively. 90% of the particles in

the workshops were smaller than 100 nm. Thus it falls within the nanomaterial def-

inition [1]. The workers spent one-third of their shift in the vicinity of the particle

emitting production units and the rest in the control room (remote checking of the

production). There, the particle concentration was between the values of 3·103 and

1·104 particle/cm3. However, most of the particles were found to be of 100 nm in

diameter [83].

3.2 Exhaled breath condensate samples

Exhaled breath condensate samples were collected from workshop and research

and development facilitity (R&D) workers exposed to TiO2 before and after a 8h

shift by Pelclová and co-workers [83]. Further information about workers and con-

trol persons with designated abbreviations are shown in Table 1 and 2. The samples

collected before a shift are indicated "1" and after a shift "2", respectively. The col-

lected EBC samples were stored in the freezer at a temperature of -20◦C.

For Raman microspectroscopy, Fourier transform infrared spectroscopy, atomic

force microscopy and scanning electron microscope measurements, 10 ♠l of the sam-

ple was dropped onto a glass slide and the sample was dried in a flow box at room

temperature under UV light to prevent ambient air contamination. For the UV-VIS

and dynamic light scattering measurements, the samples were left as received.
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Table 1: Information about control persons (K).

sample sex age exposurea smoker

K1 female 50 yes no

K2 female 54 yes no

K3 female 59 yes no

K4 male 50 yes no

K7 male 59 no no

K8 male 59 no yes

ato TiO2 nanoparticles

Table 2: Information about workers from workshops (P) and R&D (N).

sample sex age years of occupationa smoker

P1 male 22 3 no

P2 male 34 7 no

P3 male 55 25 yes

P4 male 36 11 no

P5 male 31 7 yes

P6 male 25 4 yes

P7 male 28 6 no

P8 male 53 25 no

P9 male 42 24 no

P10 male 27 6 yes

P11 male 26 3 yes

N1 male 32 4 yes

N2 male 26 1.5 no

athe years spent in the working environment
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3.3 Utilized experimental techniques

The Raman spectroscopic analysis of the samples was performed by confocal

Raman spectrometer (XploRATM, HORIBA Jobin Yvon, France) using an excitation

laser of 532nm wavelength. The used magnification was 100x (N.A. 0.90) result-

ing in a diffraction limit resolution of ~300 nm. The diffraction grating was set to

the value of 1200 gr./mm. The intensity of the laser, hole diameter, slit width and

number of scans varied to obtain the best available spectra.

Scanning electron microscopy (SEM, Philips XL30, The Netherlands) with en-

ergy dispersive X-ray (EDX) analysis was employed to determine morphology and

elemental composition of selected samples. Prior to the analysis, the glass slides

with dried sample were coated with an Au/Pt film. SEM images were obtained in

two modes – secondary electrons (SE) and back scattered electrons (BSE).

To qualitatively evaluate the analyzed samples, the Fourier transform infrared

spectroscopy (FTIR, VERTEX 70v, Bruker, Germany) in far infrared range was em-

ployed. For the far infrared region, a mercury lamp, an aperture hole of 4 mm,

a multilayer beamsplitter (spectral range 680–30 cm−1), and the DLaTGS detector

with polyethylene windows (spectral range 700–10 cm−1) were used. The glass slide

with a sample was placed in a clip holder. The spectra were measured in transmis-

sion and reflectance setup.

Atomic force microscopy (AFM, Solver NEXT, NT-MDT Co., Russia) in semicon-

tact mode was used to investigate the morphology of the particles in the analyzed

samples.

UV-VIS spectroscopy was used for the characterization of the presence of semi-

conductor particles. UV-VIS spectra of the samplewere registered using spectropho-

tometer CINTRA 303 (GBC Scientific Equipment, Australia). The absorption spec-

tra in the UV-VIS region of the EBC in the liquid state were measured at normal

incidence at room temperature in the spectral range of 600–300 nm: speed was

1000 nm/min with step size 0.427 nm, slit width was 2.0 nm.

The measurements for determination of the particle size distribution were ob-

tained with dynamic light scattering (DLS) analyzer (Zetasizer Nano ZS, Malvern
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Instruments Ltd., United Kingdom) at stabilized temperature of 25◦C and in a 12 ×

12mm cell.
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4 Results and discussion

The total of 36 samples was studied by Raman microspectroscopy. Using this

technique, presence of no element or compound was detected in nine samples:

K1/2, K2/2, K4/2, K7/1, K8/1, P4/1, P8/1, P10/2, P11/1. Carbonates and or-

ganic matter (probably proteins) were present in most of the analyzed samples (see

Figure 15 for calcite spectrum). Titanium dioxide in two crystalline forms, anatase

(in Figure 13) and rutile (in Figure 14), was detected in the majority of the samples

fromworkers in the workshop and in the research facilities. Crystalline silica, amor-

phous carbon (see Figure 16 for both detected at the same spot), graphite, sulphates,

nitrates, and hematite (Fe2O3) in Figure 17 were found less frequently. As some of

the detected particles were very small, the spectrum of the glass slide was recorded

(see Figure 17). Table 3 further describes the detected compounds and elements. In

some of the samples, the presence of titanium dioxide together with an organic mat-

ter was detected (for example see Figure 18). Although the recognition of calcite was

mostly clear, in some cases the vibrations were slightly shifted and thus indicating

presence of different carbonates. For selected reference carbonate spectra obtained

from the library of Raman spectra, see Figure 19).
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Figure 13: Raman spectra of (a) TiO2 (anatase) detected in the P2/2 sample and (b) the

reference from library.

Figure 14: Raman spectra of (a) TiO2 (rutile) detected in the P5/2 sample and (b) the refer-

ence from library.
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Figure 15: Raman spectra of (a) calcite detected in the K4/1 sample and (b) the reference

from library.

Figure 16: Raman spectra of (a) crystalline silica and amorphous carbon detected in the

P1/2 sample, (b) the reference spectrum of crystalline silica and (c) amorphous carbon from

library.
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Figure 17: Raman spectra of (a) hematite detected in the K3/2 sample, (b) glass slide and

(c) the reference spectrum of hematite from library.

Figure 18: Raman spectrum of rutile, anatase and organic matter detected in the P5/2 sam-

ple.
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Figure 19: Reference Raman spectra of selected carbonates.
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Table 3: Summary of detected components by Raman microspectrocopy.

sample

detected components

TiO2 TiO2 CaCO3 organic
other

anatase rutile calcite mattter

K1/1 x sulphates, amorph. carbon

K2/1 x nitrates

K3/1 x x sulphates

K3/2 x graphite, amorph. carbon, Fe2O3

K4/1 x

P1/1 x x

P1/2 x x x cryst. SiO2, amorph. carbon, sulphates

P2/1 x x x cryst. SiO2, amorph. carbon, sulphates

P2/2 x x x sulphates

P3/1 x x

P3/2 cryst. SiO2, amorph. carbon, sulphates

P4/2 x x x x hematite

P5/1 x x x

P5/2 x x hematite

P6/1 x

P6/2 x x

P7/1 x

P7/2 nitrates

P8/1 x x x amorph. carbon

P9/1 x x x

P9/2 x x x

P10/1 x x x

P11/2 x x

N1/1 x x cryst. SiO2, amorph. carbon

N1/2 x x sulphates, nitrates

N2/1 x

N2/2 x x x
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Only few samples K3/1, K3/2, P5/1, P5/2, P6/1, P5/2 were chosen for the anal-

ysis using scanning electron microscope. In all of the samples, the following ele-

ments were detected: carbon, oxygen, sodium, magnesium, aluminium, sulfur, and

calcium. Most of the samples also contained chloride and potassium. In some of the

samples, the presence of metals – titanium, iron, and nickel was revealed. Table 4

shows metal elements detected in the analyzed samples. Silicon detected in all the

samples can be ascribed to the presence of silica in the used glass slides. The mor-

phology of particles detected by SEM is shown in Figures 20–25. Figure 25 shows

presence of palladium and gold, which can be attributed to the sputtering of the thin

film prior to the sample evaluation. Although the characterization of the EBC sam-

ples by SEM was less time-consuming than Raman microscopy, obtaining a proper

image with SEM was difficult in some cases due to charging of the sample. In gen-

eral, better images were acquired in the BSE than in the SEmode (see Figures 20–25).

Table 4: Metals detected by SEM-EDX.

sample detected metals

K3/1 -

K3/2 Ti, Fe

P5/1 Ti

P5/2 -

P6/1 Fe

P6/2 Ti, Fe, Ni
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Figure 20: The SEM image (a) with corresponding EDX spectrum (b) of a particle found in

the K3/2 sample.

Figure 21: The SEM image (a) with corresponding EDX spectrum (b) of a particle found in

the K3/2 sample.

Figure 22: The SEM image (a) with corresponding EDX spectrum (b) of a particle found in

the P5/1 sample.
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Figure 23: The SEM image (a) with corresponding EDX spectrum (b) of a particle found in

the P6/1 sample.

Figure 24: The SEM image (a) with corresponding EDX spectrum (b) of a particle found in

the P6/2 sample.

Figure 25: The SEM image (a) with corresponding EDX spectrum (b) of a particle found in

the P6/2 sample.
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To gain more detailed information on the morphology of the particles in the sam-

ples, AFM measurements were performed. In sample P4/2, where presence of tita-

nium dioxide was confirmed earlier by Raman microspectropy, a particle of approx.

1 ♠m in size was detected (see Figure 26). However, the measurement with AFM

proved to be very time consuming due to the large area of the sample to be ob-

served, and even when a particle was encountered, the setup of the technique does

not allow to determine the composition of the particle. Thus, the method was found

not to be suitable for detection and characterization of the EBC samples.

Figure 26: An example 2D presentation of a particle detected in the sample P4/2 by AFM,

measured in a 5 × 5 ♠m area.

The UV-VIS characterization of the EBC samples has not yielded any data. The

amount of solid particles in the liquid sample was probably very low and therefore

their presence was below the detection limit of the instrument used.

Several setups of FTIR were tried out, however none of them have led to any

detectable spectra in the sample, probably due to low available amount of sample

and high absorbance of IR radiation by the glass slide.

The dynamic light scattering technique was used to measure the particle size

distribution in the selected samples with previously confirmed presence of titanium
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dioxide. Figures 27, 28 and 29 show particle size distributions obtained using this

technique. Samples P4/2 and P5/1 were sparsely distributed and the analyzer sig-

nalized the possibility of presence of bigger sedimenting particles due to the prob-

able aggregation of the sample prior to the measurements. Regardless that fact, a

qualified selection with agreement of 89% was chosen from repeatedly performed

measurements. The P5/2 sample had the required quality. The majority (54%) of

the detected particles in the sample had their maximum around 58 nm. However,

the nature of the technique does not allow to confirm whether the detected particles

were of titanium dioxide, since the Raman spectroscopy also noticed the presence

of particles having different composition.

Figure 27: Particle size distribution by volume of the sample P4/2 detected by DLS.

Figure 28: Particle size distribution by volume of the sample P5/1 detected by DLS.
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Figure 29: Particle size distribution by volume of the sample P5/2 detected by DLS.

The combination of Ramanmicrospectroscopy and SEM coupledwith EDX spec-

trometer showed the most promise and their results are discussed together. Alu-

miniumwas noticed in all samples by SEM. However, it was not detected by Raman

analysis. Its presence might be most likely explained by contamination from the

aluminium sleeve of the cooling device of the EBC collector [67]. Other compounds

such as CaCO3 (calcite), CaSO4 · 2H2O (gypsum), CaMg(CO3)2 (dolomite), NaCl,

NaNO3, Ca(NO3)2, SiO2, Fe2O3 (hematite), and amorphous carbon were found to be

components of the atmospheric particulate matter [84, 85]. Thus, these compounds

can be also expected to be an integral component of the EBC samples (see Table 3)

and were confirmed by both techniques.

Titanium dioxide presence was found in most of the worker’s samples and only

in one sample from the control group (also exposed to titanium dioxide). It was no-

ticed that some of the spectra of particles detected by the Raman microspectroscopy

contained vibrations which can be assigned to organic molecules. This might be due

to the possibility of the particles being covered by components of the respiratory

tract or being phagocytized in the lungs. This fact might also explain the difficul-

ties why not many particles were found by SEM. Since the particles were covered

by organic matter, the metals were poorly visible in the BSE mode. The difference

in compounds detected in the samples before and after a shift was not noticeable.

The explanation might lie in the long retention half-time of the nanoparticles in the

lungs which might take up to 500 days [86]. Pelclová et al. [83] also suggested the

influence of subacute or chronic changes, rather than acute ones.
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In the P6/2 sample, the presence of nickel was detected. However, nickel is for

example, widely used in the industry for making nickel steel and is used in many

other alloys. Hence, its source is very difficult to retrace. No differences in the

samples obtained from smokers and non-smokers were observed.
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5 Conclusion

In this thesis, the determination and characterization of solid particles in the res-

piratory system of occupationally exposed workers was performed. The charac-

terization of exhaled breath condensate samples collected from workers exposed to

titanium dioxide nanoparticles was conducted. The analysis of the control group en-

abled to determine the background composition of exhaled breath condensate. Due

to the low amount of solid particles in the EBC samples, Fourier transform infrared

spectroscopy and ultraviolet-visible spectrophotometry were not able to detect any

spectra. Atomic force microscopy and dynamic light scattering were successful in

obtaining measurements. However, their undifferentiability did not allow to obtain

any valuable information about the samples composition or morphology. The most

successful techniques to study EBC samples were Raman microspectroscopy and

scanning electron microscopy coupled with EDX spectrometer. Raman microscopic

analysis was able to distinguish different crystalline forms of titanium dioxide from

each other, and also provided more specific information about other components

found in the samples. Titanium dioxide particles were found in most of the samples

of the workers exposed to nanoparticles in the working environment.

The findings underline the importance of establishing regulations to nanopar-

ticulate presence at workplaces and also the need for additional studies regarding

workers exposure to nanoparticles.
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