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INTRODUCTION

The general term “mineral fibres” refers to a group of minerals that are ubiquitous on the Earth crust.
Among them, the most relevant and, certainly, the most feared ones are asbestos minerals and the fibrous zeolite
erionite (Mossman et al., 1990; Baumann et al., 2013), which possess a dreadful reputation because they may
provoke fatal lung diseases (mainly lung carcinoma and pleural/peritoneal malignant mesothelioma) through
inhalation. Asbestos minerals are further subdivided into two major groups i.e., serpentine asbestos and
amphibole asbestos; the fibrous-asbestiform variety of serpentine is called chrysotile and represents the most
commonly used form of asbestos. Asbestos fibres are composed of smaller fibrillar components (usually called
fibrils; Skinner ef al., 1988) clearly visible along a bundle of folded fibres (Fig. 1). This peculiar crystal habit is
called fibrous-asbestiform.

Fig. 1 - SEM image of a bundle of chrysotile fibres.

The family of amphiboles includes five minerals: byssolite (fibrous actinolite), amosite (fibrous
grunerite), anthophyllite, crocidolite (fibrous riebeckite) and tremolite. With respect to chrysotile, amphibole
fibres are more brittle and exhibit a stiff, needle-like crystal habit. These six asbestos minerals possess
outstanding properties that have been exploited in a countless number of mechanical and commercial
applications, such as thermal insulation, building materials, fire- and bulletproof- materials, textiles products,
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and many others (Gualtieri, 2012). Unfortunately, the fibrous crystal habit, which confers excellent properties to
all these minerals, is also the cause of their toxicity potential, due to the release of small inhalable fibres that can
reach the lungs and the alveolar sacs (Broaddus, 2001).

The fibrous zeolite erionite represents a special case, both from the chemical-mineralogical and socio-
economical point of view. In fact, it does not show an asbestiform crystal habit as that of the asbestos minerals,
but is composed of individual fibres of small size. Its fame is primarily linked to the occurrence of erionite-rich
sedimentary stones used for building villages in Cappadocia (a region of central Anatolia in Turkey). There,
mainly in the three villages of Karain, Tuzcdy and Sarihidir, due to the continuous exposure to erionite fibres, an
impressive rate of malignant mesothelioma (MM) causes 50% of deaths in men and women (Baris et al., 1995;
Roushdy-Hammady et al., 2001). Opposite to chrysotile and amphiboles, erionite has never been used for
industrial applications.

The “amphibole hypothesis”

In the last two decades, asbestos minerals and erionite have been the subject of intensive multidisciplinary
investigations as the mechanisms by which they induce cyto- and genotoxic damage remain poorly understood.
In general, the cause-effect relationship between exposure to the fibres and the onset of mesothelioma and other
lung diseases remains ambiguous. The difficulties mainly arise from the fact that mineral fibres display great
variability in their chemistry, molecular arrangement, size and diameter, surface activity (Pollastri et al., 2014),
and ability to generate reactive oxygen species and biopersistence (Donaldson et al., 2010; Pollastri et al., 2014,
and references therein) so that drawing a general conclusive model explaining their toxicity has been a pipe
dream to date. Because of the existence of this grey area in the scientific knowledge, although it was proven that
these mineral fibres, if inhaled, may induce lethal lung diseases (Craighead et al., 1982; Mossman et al., 1996;
Becklake et al., 2007; Kamp, 2009) there is still considerable controversy in the scientific community to whether
chrysotile asbestos is actually a (potent) carcinogen to humans (Kanarek, 2011; Qi et al., 2013).

In general, the global scientific and political community is divided into two fronts: one side assumes that
all above mineral fibres are indistinctly classified as potentially toxic substances; the other side instead promotes
the safe use of chrysotile assuming that the potential toxicity of this fibre is much lower (or null) with respect to
that of fibrous amphiboles and erionite. This latter position relies primarily on the fact that chrysotile is much
less biopersistent compared to amphiboles and erionite, and, therefore, it is almost impossible to observe
chrysotile fibers in the pleural cavity in the long term (Bernstein, 2014). At the moment, all amphibole asbestos
minerals are banned worldwide, whereas chrysotile is banned only in the countries where the line of the
International Agency for Research on Cancer (IARC) of the World Health Organization and the National
Toxicology Program has been fostered (Mossman & Churg, 1998; Hollan & Smith, 2001; Yano et al., 2001;
Roggli et al., 2002; Pfau et al., 2005; Yarborough, 2007). To date, erionite, a human carcinogen listed by the
IARC as a Group 1 Carcinogen, surprisingly has not been banned (Dikensoy, 2008).

Aims of the thesis

The purpose of this thesis was the characterization of the major mineral fibres of social and economic-
industrial importance (conducted, for the first time, in a systematic way) starting with a full mineralogical-
structural and microstructural investigation combined with physical-chemical and biological tests, in order to
explain the nature of the biological interaction mechanisms of chrysotile, amphiboles and erionite and draw a
conclusive rank of toxicity of mineral fibres.

The final aim was to contribute to the development of a general conclusive model to assess the biological
toxicity of mineral fibres. This model would be very useful because there are many mineral fibres (like zeolites)
not yet classified that might possess a toxicity potential. By applying the different chemical-physical properties
of a not-classified fibre to the model, its potential degree of toxicity could be calculated and new cases of mass
exposure, as Biancavilla for fluoro-edenite (Comba et al. 2003), and Tuzcdy for erionite (Dumortier ef al., 2001)
could be avoided.
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MATERIALS AND METHODS

Samples selection

The samples investigated in this thesis (Table 1) were eight mineral fibres selected for their
socioeconomic and industrial importance.

Table 1 - Nature and details of the investigated mineral fibres.

Sample Provenance Notes

Chrysotile Quebec (Canada)® UICC standard Chrysotile “B” Canadian NB #4173-111-1

Chrysotile Balangero, Turin (Italy)

Chrysotile Val Malenco, Sondrio
(Italy)

Crocidolite Koegas Mine, Northern UICC standard Crocidolite South African NB #4173-111-3
Cape (South Africa)

Amosite Penge mine, Northern UICC standard Amosite South African NB #4173-111-4
Province (South Africa)

Fibrous tremolite Val d’Ala, Turin (Italy)

Fibrous anthophyllite = Paakkila mine, Paakkila =~ UICC standard Anthophyllite Finnish NB #4173-111-5
(Finland)

Fibrous erionite Jersey, Nevada (USA)

Y Mixture of fibre from the firms Bells, Carey, Cassair, Flintkote, Johns-Manville, Lake, Normandie and National,
proportioned roughly to represent Canadian production of asbestos products at that time.

The chrysotile and amphibole samples were selected because they are the mineral fibres that have been
most widely used in human history for an endless variety of applications, even if chrysotile is by far the
predominant asbestos fibre ever used. Erionte was instead chosen for its high toxicity potential, for its
widespread occurrence throughout the world in sedimentary rocks and for its physico-chemical properties, which
are considerably different compared to asbestos fibres.

Samples preparation and experimental methods

In order to obtain two distinct size classes of fibres for each sample, gravitational separation in wet
conditions were performed using the Appiani levigator method (Jolicoeur et al., 1981). The two obtained size
classes were characterized by scanning electron microscope (SEM) analysis in order to verify the outcome of the
separation procedure, to check for the chemical composition of the fibres and to estimate the average length of
the fibres for each class. Finely powdered samples were also prepared for X-ray Powder Diffraction (XRPD)
experiments aimed at structural analysis. Whether this was relatively simple for amphiboles and erionite, it was
considerably complicated for the chrysotile samples. For this reason we opted for a cryo-milling process in wet
conditions. Simulated Lung Fluids (S.L.F.) solutions were also prepared for the study of the Zeta Potential
(indicated by the Greek letter {). Specifically, an organic Gamble's modified solution was used (Guldberg et al.,
1998). Moreover, in order to explore the characteristics of the fibres after being in contact with cell cultures,
representative samples of chrysotile UICC, crocidolite UICC, and erionite were selected and treated with
cultured diploid human non-tumorigenic bronchial epithelial (Beas2B) and pleural transformed mesothelial
(MeT5A) cells.

In order to fully characterize the selected samples, a combination of several analytical techniques, both
using conventional and non-conventional sources, was applied to reach the objectives of the thesis. Specifically,
the chemical composition of samples was determined using Electron Microprobe Analysis (EMPA). XRPD and
single crystal diffraction experiments were conducted using both conventional and synchrotron radiation sources
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(Elettra, Trieste, Italy; SLS, Villigen, Switzerland; ESRF, Grenoble, France), for the determination of impurities
and the refinement of the crystal structures. Special attention was given to the surface reactivity of the fibers,
through Scanning Electron Microscopy (SEM), X-ray Photoelectron Spectroscopy (XPS), surface area (with the
BET method) and { potential measurements in different chemical-physical conditions. In addition, the structural
environment of iron within the crystalline structures was extensively studied by means of X-ray Absorption
(both in the XANES and EXAFS regions) and Fe’’ Mdssbauer spectroscopy. Moreover, samples treated with
human cell cultures were characterized using in situ pXANES, pXRD and pXRF iron mapping, at the 118
beamline (DLS, Didcot, UK).

RESULTS AND DISCUSSION

Surface reactivity of mineral fibres
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the negative values of the { potential. All these data are reported in Pollastri ef al. (2014).

Iron in mineral fibres

From the convergence of XANES, EXAFS and F ¢>’ Mossbauer data, the presence of both Fe?" and Fe**
oxidation states, allocated in octahedral cavities, were detected in all the investigated mineral fibres. This is
clearly observed in Fig. 3 (that is a modified version of the variogram from Wilke et al., 2005), where the
XANES pre-edge parameters of our samples are plotted against that of standard reference compounds. In
amphiboles, Fe*" is in a peripheral octahedral cavity M(2) whereas Fe®' is in an internal octahedral cavity M(1)
and M(3). Both Fe** and Fe?" fill octahedral cavities in chrysotile fibres.
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Fig. 3 - Pre-edge parameters of samples and reference compounds plotted in the modified variogram
from Wilke et al. (2005). Little grey fields designate pre-edge parameters for the Fe co-ordination and
oxidation state whereas dashed lines between fields indicate the variation of pre-edge parameters
assuming binary mixtures of respective end-members (Wilke et al., 2005); larger grey fields designate
our pre-edge parameters.

Taking into account the much shorter dissolution time of chrysotile with respect to amphiboles (although
the latter are much more rich in iron) the release of iron could be comparable. This finding may indicate that the
overall toxicity potential of chrysotile is not lower than that of amphiboles since production of hydroxyl radicals
requires iron to be available at the surface of the mineral fibre in contact with H,O, released in the organic
medium, during the persistent inflammatory activity.

Erionite turns out to be a special case since iron seems to be present only in the form of octahedrally
coordinated Fe®* particles, although further experimental confirmations are needed.

Considering the dissolution rates and the iron content, a proposed ranking of ability of asbestos fibres to
generate “available surface iron-related” (pristine bulk iron made available at the surface of the fibre during the
dissolution process) hydroxyl radicals may be: amosite > crocidolite ~ chrysotile > anthophyllite > tremolite.
The ranking intentionally does not include erionite, since its toxicity model and the exact location of iron should
be validated. The complete data set is reported in Pollastri ef al. (2015).
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Changes of mineral fibres in contact with human cell cultures

Chrysotile UICC, crocidolite UICC, and erionite were exposed to mesothelial MeTSA and broncoalveolar
Beas2B cell cultures for 24, 48, 72, and 96 h. Treated samples were investigated using in sifu synchrotron XRF
iron mapping, p-XANES, and p-XRD. Results were also supported by a TEM investigation. The contact of the
chrysotile fibres with the cell cultures leads to earlier amorphization, which is interpreted as the first dissolution
step. Crocidolite shows very minor signs of amorphization whereas erionite seems to be the more stable fibre
species in contact with the cells.

The mechanism of amorphization of chrysotile consists of differential dissolution of the Mg-centered
octahedral layer: Hargreaves & Taylor (1946) reported that if chrysotile is leached with diluted acid, the
magnesia layer can be removed and the structure of original chrysotile becomes amorphous. Seshan (1983)
reported that through acid attack, chrysotile surface became silica-like and Mg is lost from the fibres during
amorphization. Wypych et al. (2005) also reported that the acid-leached product of chrysotile consisted of
layered hydrated disordered silica with a distorted structure, resembling the silicate layer existing in the original
mineral. Similar observations are also reported in Bernstein et al. (2013; Fig. 4).

B Chrysotile Fiber Disintegration:

Mg

Fig. 4 - Chrysotile Fiber Disintegration: The magnesium is dissolved at neutral pH
and the silica matrix is broken up at acid pH (From Bernstein et al. 2013 ).

The formation of a silica-rich fibre skeleton after pseudo-amorphization of chrysotile may prompt the
production of HO* in synergy with surface iron species; this could indicate that chrysotile may be much more
reactive and cytotoxic in vitro in the (very) short term whereas the activity of crocidolite and erionite would be
much more sluggish but persistent in the long term. Iron in all the fibres at any contact time is represented by
Fe’* in octahedral position, with a chemical environment that does not undergo major modifications with respect
to the raw samples.

FINAL CONSIDERATIONS

The aim of this thesis was the characterization of the main mineral fibres of social and economic-
industrial importance starting with a full mineralogical-structural and microstructural investigations, in order to
explain the nature of the biological interaction mechanisms of chrysotile, amphiboles, and erionite and compare
them to drawing a convincing rank of toxicity of mineral fibres.

All collected data allowed to state that the mechanisms that lead to the onset of cancer (mainly lung
cancer and pleural/peritoneal malignant mesothelioma) are still unclear. But this lack of knowledge is not
exclusive of the mineral fibres-related cancers, since although the connection between inflammation and cancer
is generally accepted (Grivennikov & Karin, 2010; Gonda et al., 2009), several questions still remain; for
example, can inflammation cause neoplasia in the absence of an exogenous carcinogenic agent? (Mantovani et
al., 2008). The exact mechanisms by which a wound-healing process turns into cancer are actual topics of
intense research (Reuter et al., 2010 and references therein); for these reasons, the only thing that can be said is
that in the case the inflammation lasts for a longer period of time compared to acute inflammation (namely
chronic inflammation), the host can be predisposed to various chronic diseases, including cancer (Lin & Karin,
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2007). From all these considerations, a list of physico-chemical properties that a mineral must possess to be
considered potentially toxic, can be defined. It is important to emphasize the fact that it seems to be the
simultaneous presence of several factors in determining the toxicity potential of mineral fibers. An excellent
example is iron: The presence of active iron present at the surface of the fibres is a key factor of toxicity as it
promotes the formation of reactive HO* species by the surface Fenton reaction chain.

Nevertheless, iron-containing particles such as hematite (Craighead & Gibbs, 2008) and magnetite seems
to be not active. The explanation could lie in their crystal habit (lamellar for hematite and sub-spherical for
magnetite), which promotes full engulfment by macrophage (Champion & Mitragotri, 2006) without ROS
production.

So, in order to develop a general model describing the toxicity of mineral fibres, all the physical-chemical
characteristics relevant in determining the potential toxicity of a fiber (such as size, presence of iron,
biodurability) could be incorporated into a sort of general empirical formula and quantified, in order to gain a
final value which is a function of the degree of toxicity potential of that mineral.

This general model of classification (actually in progress) would be very useful to predict a priori the
toxicity potential of unknown mineral fibre, in order to prevent new cases of mass exposure as that of
Biancavilla (Italy) for fluoro-edenite (Comba et al., 2003) and Tuzcdy (Turkey) for erionite (Dumortier et al.,
2001).
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