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Abstract: One of the open questions regarding the asbestos problem is the fate of the mineral fibres
in the body once inhaled and deposited in the deep respiratory system. In this context, the present
paper reports the results of an electron microscopy study of both mineral fibres and asbestos bodies
found in the lung tissue of a patient who died of malignant mesothelioma due to past occupational
exposure. In concert with previous in vivo animal studies, our data provide evidence that amphibole
asbestos fibres are durable in the lungs, whereas chrysotile fibres are transformed into a silica-rich
product, which can be easily cleared. Amphibole fibres recovered from samples of tissue of the
deceased display a high degree of crystallinity but also show a very thin amorphous layer on their
surface; 31% of the fibres are coated with asbestos bodies consisting of a mixture of ferroproteins
(mainly ferritin). Here, we propose an improved model for the coating process. Formation of a
coating on the fibres is a defence mechanism against fibres that are longer than 10 um and thinner
than 0.5 pm, which macrophages cannot engulf. The mature asbestos bodies show signs of
degradation, and the iron stored in ferritin may be released and potentially increase oxidative stress
in the lung tissue.
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1. Introduction

Minerals with fibrous crystal habit are widely distributed in the Earth’s crust. Among them, the
most relevant are commercial fibres that belong to the asbestos family: chrysotile and five
amphiboles, i.e., tremolite asbestos, actinolite asbestos, anthophyllite asbestos, crocidolite (fibrous-
asbestiform variety of riebeckite), and amosite (fibrous-asbestiform variety of cummingtonite-
grunerite) [1-3]. Amphiboles are composed of double chains of corner-sharing SiOs tetrahedra with
a Si(Al):O ratio of 4:11. The simplified general formula for amphiboles is: Ao-1B2CsTs02W>, where A
are cations (Na*, K+, Ca%, Li*) having coordination in the range 6-12; B are irregular octahedral or 8-
fold coordinated cation sites content of the so-called M(4) site (Na*, Li*, Ca?, Mn?, Fe?, Mg?); C are
cations (Mg?, Fe, Fe¥, Mn?», Mn3, Al* Ti*, Ti*, Li*,) that occur in the regular octahedrally
coordinated cavities M(1), M(2) and M(3); T are the tetrahedrally coordinated sites within the silicate
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chain (Si*, Al**); and W are anions (OH-, F-, CI-, O%) [3,4]. Chrysotile is a trioctahedral hydrous
phyllosilicate based on a 1:1-layer structure with a Si-centred tetrahedral sheet and a Mg-centred
octahedral (brucite) sheet, with the ideal chemical formula MgsSi2Os(OH) [5].

Archaeological findings suggest that asbestos fibres were used to create artefacts from a very
long time ago [6]. However, the industrial age of asbestos started in the 17th century, when asbestos
mining and industrial use began taking advantage of its outstanding technological properties (e.g.,
flexibility, abrasion and fire resistance, high tensile strength, large surface area, weak sound-
transmission coefficient, low thermal conductivity) [2,6]. Thanks to these properties, asbestos fibres
were used in more than 3000 industrial applications, including various types of composite products
(e.g., asbestos cement), known as asbestos-containing materials (ACMs) [2]. The first studies that
suggested a correlation between lung cancer and asbestos exposure date back to the beginning of the
last century [7,8]. Subsequently, animal carcinogenicity tests and long-term epidemiological studies
provided evidence that inhalation of asbestos fibres, after a latency period of decades, may induce
fatal lung diseases, namely malignant mesothelioma (MM) [8]. Following this evidence, the
International Agency for Research on Cancer (IARC) classified the six types of commercial asbestos
fibres as carcinogenic to humans [8].

Toxicity and carcinogenicity of asbestos are related to their biopersistence, i.e., the ability to
persist in the human body despite the physiological clearance mechanisms [9-12]. Biopersistence of
mineral fibres is linked to their physical, chemical, structural properties, and biodurability, i.e., the
resistance of fibres to chemical/biochemical alteration. The peculiar morphology and length: width
ratio (generally >3:1) of mineral fibres make it possible for them to be inhaled and to reach the alveolar
region of the lower respiratory tract [13,14]. In this environment, fibres can be engulfed or dissolved
by alveolar macrophages [15-17]. Unfortunately, long fibres (length >10 um) cannot be completely
internalised by macrophages and cannot be cleared [12-16]. When the clearance mechanism fails,
fibres can be coated with an iron-protein-mucopolysaccharide material, termed “asbestos body” (AB)
[9,18-25]. Various models have been postulated to explain the growth mechanism of ABs [9];
however, most of them are based on the physiology of rats [9,18], and therefore, both the actual
coating process and the material involved in the development of human ABs are poorly known.
Moreover, the influence of ABs on the cytotoxicity of asbestos fibres is still a matter of debate [18-25].
In particular, the potential toxicity of iron associated with ABs should be clarified [6,9,18].

The biological activity of mineral fibres is typically assessed by in vitro and in vivo studies
[13,17,26-29]. Recently, a comparative study on the biodurability of chrysotile and fibrous crocidolite
was conducted using human mesothelial and broncho-alveolar cells [27]. In this study, after 96 h of
contact with cell cultures, chrysotile fibres were partially dissolved and amorphised, whereas, after
the same exposure time, crocidolite fibres showed very minor signs of amorphisation [27]. In the in
vivo studies, dissolution of mineral fibres was monitored after injection (e.g., intratracheal,
intraperitoneal) or inhalation in the animals’ lungs [17,28,29]. Gualtieri et al. [17] reported the results
of the first complete and accurate evaluation of biodurability/biopersistence of chrysotile and
crocidolite asbestos found in the lung tissue of Sprague-Dawley rats subjected to
intraperitoneal/intrapleural injection of fibres. Results of the in situ morpho-chemical evaluation [17]
showed that crocidolite fibres display only a very thin amorphous layer after long contact times (93
weeks), whereas the chrysotile fibres are prone to dissolution, with leaching of Mg and production
of a silica-rich relict. In vivo tests further showed that formation of asbestos coatings is a common
feature in the lungs [9,18]. ABs always coexist with non-coated fibres, which are invariably more
abundant than coated fibres [18]. Most coated fibres seem to be amphibole asbestos [18]. ABs tend to
form only on fibres longer than 20 pm [25], and therefore, the infrequency of ABs forming on
chrysotile core is probably due to the fragmentation of longer fibres into shorter fragments [25].

Even if there is a tradition of excellence in the use of animal models to help in understanding the
fate of asbestos in the lung environment [17-25], for human studies the “gold standard” is the in vivo
ex post lung analysis of human subjects exposed to mineral fibres [6,30,31]. In vivo animal studies are
of paramount importance for the understanding of asbestos-induced toxicity/pathogenicity, but they
are not conclusive because of the differences in the tracheobronchial airway architecture between the
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rats and humans [32]. In fact, the differences in the lung geometry can lead to variations in the
particle-deposition pattern and hence the site-specific dosage [33]. Moreover, because rats used in in
vivo tests have a life of about 3 y, the contact time of the fibres with the organic tissue is not
comparable to the theoretical residence time of asbestos in the human lung.

The present work reports the results of a combined scanning electron microscope (SEM),
transmission electron microscope (TEM), and scanning transmission electron microscope (STEM)
study of both fibres and ABs found in the lung tissue of a patient diagnosed with MM who died about
40y after the first exposure to asbestos. Specifically, the main goals of this study are:

(i) Assessing the biopersistence in vivo of the asbestos fibres by scrutinising the variation in the
degree of crystallinity and chemical composition of the fibres that have remained in the human lung
environment for about 40 y;

(if) Morphological and chemical characterisation of the ABs found in the lung tissue of the
subject. These data are compared with the recently obtained results from an in vivo animal test [16,17],
in order to acquire more information on the nature and growth mechanism of human ABs and to
validate the current knowledge, which is mostly based on animal models.

These data are of paramount importance to unequivocally assess the effect of dissolution and
coating processes on the different asbestos species and to improve our knowledge on the fate of these
fibres in the human lungs.

2. Materials and Methods

2.1. Description of the Male Subject

Lung-tissue samples were removed over the course of the autopsy of a male subject who was
diagnosed with malignant mesothelioma (MM). The patient worked for ten years (from 1970 to 1980)
in a factory that produced ACMs and was located in a manufacture district in Northern Italy. Before
the ban of all asbestos minerals in Italy in 1992, the company used asbestos fibres for the production
of asbestos-containing cement materials, such as pipes and corrugated sheets. In the mixture to
produce cement-asbestos, chrysotile represented the most widely used asbestos variety, together
with crocidolite until 1986, when the use of crocidolite was banned in the countries of the European
Union. Until the early 1970s, the use of amosite was also reported for the preparation of cement-
asbestos mixtures. During his occupational activity, the subject was therefore exposed to three
asbestos species: chrysotile (major), crocidolite and amosite (minor). From the chronological data of
the subject we conclude that the residence time of the fibres in the lung was 3747 y (average of about
40y).

2.2. Separation of the Mineral Fibres from the Lung Tissue

Portions of tumour-free tissue of the parenchyma were extracted from the right lung lobe
previously stored in formaldehyde solution buffered at neutral pH (Figure 1a,b). To obtain mineral
fibres from the lung tissue, sub-samples of 2 cm? were first freeze-dried using a lyophiliser (Labconco
FreeZone, Kansas City, MO, USA) (Figure 1b). Subsequently, the organic matter was oxidised using
a low-temperature plasma asher (Emitech K1050X, Ashford, UK) at 80 °C, and with an energy input
of 100 W and an oxygen flow of 225 mL/min. Approximately 50 mg of freeze-dried lung samples
were ashed [34]. After 20 h, the ash was suspended in a solution made of 50 mL distilled water and 2
mL ethyl alcohol, and then filtered using a polycarbonate 0.2 pm pore-size filter [34] (Figure 1c).
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Figure 1. Lung tissue before and after dissolution; (a) parenchyma stored in a formaldehyde solution;
(b) lung tissue sub-samples after lyophilisation; (c) filters recovered after low-temperature plasma
asher procedure.

2.3. SEM Investigation

SEM analyses were performed at the CIGS laboratory of the University of Modena e Reggio Emilia
using a FEI Nova NanoSEM 450 FEG-SEM (Hillsboro, OR, USA) with 15 kV accelerating voltage, 3.5
HA emission current and 20 nA beam current. Portions of the polycarbonate filters were coated by gold
(10 nm of thickness), using a Gold Sputter Coater,Emitech K550 (London, UK), and placed on an Al
stub with double-stick carbon tape. The chemical composition of both fibre specimens and ABs was
investigated using a XEDS Bruker QUANTAX-200 (Billerica, MA, USA). For the morphometric
investigation, each filter surface was examined at different magnification levels, from 1000x up to
20,000x using 20 SEM images. Length and width of the fibres were measured at different
magnification using the Image] image analysis software, version 1.52 a [35].

2.4. TEM Investigation

TEM investigations were performed at the Center of Excellence in Environmental Toxicology,
University of Pennsylvania and carried out using a JEOL F200 instrument (Tokyo, JP), equipped with
a cold field emission gun (CFEG) and operated at 200 kV. The microscope was equipped with two large-
area energy-dispersive X-ray (EDX) spectrometers Centurio Silicon Drift Detectors (SDD) (JEOL, Tokyo,
JP). A quarter of each filter was washed with 2 mL of acetone in a 15 mL test tube yielding a clear
suspension, sonicated 30 s (using a low power sonic bath) and left to set overnight. The following day
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a drop of the suspension was transferred onto a 300-mesh carbon copper TEM (Ted Pella Inc., Redding,
California, US) grid and left to dry. Unused suspensions and filters were preserved for further sample
enrichments, if needed. Observations were made both in TEM and STEM mode to verify the degree of
crystallinity and to morphologically characterise the fibres. STEM-EDX was used to determine the
chemical composition of, and element distribution in, fibres and AB. The mapping was performed on
region of interest (ROI) and the maps were generated after background subtraction on the spectra
obtained in the studied ROI Information on crystallinity and d-spacing of the crystalline phases was
extracted by taking the fast Fourier transform (FFT) of the high-resolution TEM (HRTEM) images. FFT
returns a diffraction pattern of the selected ROI in the HRTEM image. Identification of the phases was
achieved by a combination of semi-quantitative EDX analyses and the comparison of the distances
between crystal planes (A) obtained by FFT images with literature reference data. Stability tests were
performed by observing the same area for 2 min and checking its morphology as well as its degree of
crystallinity during the test and at the end of it (see Figure S1 in the Supplementary Materials). Data
analysis was performed using the software ImageJ-3 and Digital Micrograph-4 [35,36].

3. Results and Discussion

Here, we describe morphological, chemical and mineralogical characteristics of the fibres
recovered from the deceased subject and then compare the results with those obtained from in vivo
animal (rat) experiments reported by Gualtieri et al. [17] and Bursi et al. [18]. During these in vivo
tests, male and female Sprague-Dawley rats underwent a single intraperitoneal/intrapleural injection
of Union for International Cancer Control (UICC) chrysotile and UICC crocidolite. Animals were
allowed to live until spontaneous death. The time elapsed between the injection of the fibres and the
death of the animal (expressed in weeks) is considered the residence time of the fibres in the lung.

3.1. Mineral Fibres

In the solid fraction obtained from ashing of the human lung tissue, both non-coated fibres and
fibres coated with ABs were found. A total of 52 mineral fibres were examined, of which 31% were
coated. The percentage of fibres with ABs detected in the in vivo animal study ranged between 3.3%
and 5.7% [18]. The coating process in the rat lung appears to be less efficient than in the human lungs.
One of the reasons could be the fibre overload in rats” lung tissue, a well-known problem of animal
testing using the intrapleural/intraperitoneal injection mode [28].

In the examined human lung tissue, SEM-EDX micro-analysis and FFT patterns of non-coated
fibres (Figures 2 and S2 in the Supplementary Materials) revealed compositions that are compatible
with those of crocidolite (83%) and amosite (7%) (Figure 2d,e). Only one silica-rich fibre, i.e., the
metastable product of dissolution of chrysotile mediated by Mg leaching [17], was found (Figure 2f).
Identification of coated fibres was difficult since EDX spot analyses were influenced by the presence
of ABs. However, the FFT patterns obtained on partially coated fibres (FFT patterns obtained from
10 fibres), combined with STEM-EDX micro-analysis, indicated that crocidolite is probably the main
type of coated fibres (Figure 52 and S3 in the Supplementary Materials).

SEM and STEM images of non-coated fibres show quite straight individual amphibole fibres or
bundles (Figures 2 and 3). Amosite fibres appear as prismatic individual fibres (Figure 3a).
Crocidolite appears as felt-like aggregates (Figure 3b). Fibrils splitting from bundles show a long,
thin columnar habit (Figures 2g—i and 3b). Amphibole fibres form both straight edges parallel to the
fibre axis and irregular edges (Figure 3), whereas the silica-rich fibre habit appears as curved (Figure
2c). Amphibole fibres show both straight and irregular ends (Figure 3c,d). Amosite shows more right-
angle truncations across the fibre axis (Figure 3a) than crocidolite, which tends toward more
columnar forms (Figure 3b). The fibres occur occasionally together with other particles, which were
identified as residues of incomplete ashing (Figure 2a—c).

The summary statistics of the geometry of the coated and non-coated fibres are reported in Table
1. The data display a wide range of lengths, with values ranging from 2.17 to 107 um, but the longer
fibres predominate in the population. More than 75% of the fibres were longer than 7.45 um, and 50%
were longer than 19.8 um. The length of crocidolite fibres varied between 2.17 and 107 um (average
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17.2 um), whereas the amosite fibres ranged in length from 19.49 to 76.4 um (average 38.5 um).
Although the widths of the fibres ranged overall between 0.06 and 2.82 um, 75% of the fibres showed
a width of less than 0.44 um. However, all amosite fibres had a width greater than 0.40 um.

According to the WHO guidelines, asbestos fibres of respirable size with relevant biological
activity (so-called “critical” fibres) are those equal to or longer than 5 um and having diameters up
to 3 um, with an aspect ratio 23:1 [14]. All mineral fibres recovered from the lung tissue of the human
subject fit the WHO counting criteria concerning both width and aspect ratio, but 15% of the fibres
are shorter than the length value set by the WHO.

| Si
A1| Au

11 [Fe
L
1 2

0

3 4 5

1(e)
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Figure 2. (a) FEG-SEM image of a crocidolite fibre; (b) FEG-SEM image of an amosite fibre; (c) FEG-
SEM image of a silica-rich relict of chrysotile; (d) SEM-EDX spectrum of the fibre shown in (a); (e)
SEM-EDX spectrum of the fibre shown in (b); (f) SEM-EDX spectrum of the fibre shown in (c); (g)
STEM image of an individual crocidolite fibre with columnar habit; (h) STEM images of a prismatic
individual crocidolite fibre; (i) STEM image of a thin crocidolite fibre.
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Figure 3. (a) High-resolution FEG-SEM image of an amosite fibre; (b) high-resolution FEG-SEM image
of bundles of crocidolite fibres; (c) TEM image of a crocidolite fibre with stepped edges; (d) TEM
image of an individual crocidolite fibre showing characteristic diffraction contours.

Table 1. Morphometry of the coated and non-coated fibres recovered from the studied lung tissue.
*Percentile indicates the value below which a given percentage of values in a data set fall. L (length);
W (width); Min (minimum); Max (maximum); on-1 (standard deviation).

Percentiles*
Morphometry Min 15% 25t 50t 75t  90th Max Ona
L (um) 217 496 745 198 473 61.6 107 26.2
W (um) 0.06 0.13 0.18 028 044 066 282 047
L/'W 135 245 295 552 141 243 601 107

Compared to the morphometric parameters of the asbestos fibres recovered from the rats’ lung
tissue, the fibres found in the human subject are longer and thinner [18]. After 109 weeks in the lungs
of the rats, crocidolite fibres had an average length and width of 13.7 and 0.54 pum, respectively [18].
Crocidolite fibres found in the human lung tissue, on the other hand, display an average length and
width of 17.2 and 0.35 pm, respectively. Crystalline chrysotile was not found in the human samples.
Nevertheless, as mentioned above, a silica-rich fibre was found, and most likely it represents a relict
obtained by dissolution of a chrysotile fibre. This fibre had a length of 99.1 um and a width of 1.71
um. Instead, chrysotile was found in the rats’ lung tissue after 128 weeks and it exhibited an average
length and width of 14.3 and 0.45 pm, respectively.

Figure 4 illustrates the relationship between length (L) and width (W) of all coated and non-
coated fibres examined in this study. Only fibres longer than 10 um and thinner than 0.5 um were
coated by ABs. This peculiarity of ABs to develop only on longer fibres was reported previously for
both in vivo and in vitro studies [17,37]. In Figure 4, values related to non-coated fibres display a wide
distribution and a positive correlation (R?=0.67) between L and W.
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Figure 4. Relationship between the length (L) and width (W) of mineral fibres found in the lung tissue of
the male subject. All coated fibres (grey triangles) show W < 0.5 um and L > 8 pum. Values of non-coated
crocidolite fibres (black circles) and amosite fibres (black squares) show a straight-line trend (i.e., red
dashed line), which is described by the equation y = 38.9x + 3.40 (R? = 0.67). The yellow area marks the L
and W values of the “Stanton-size” fibres, i.e., ideally those with L >8 um and W < 0.25 um.

Results of SEM-EDX semi-quantitative chemical analysis of non-coated fibres are reported in
Table 2. Non-coated amosite and crocidolite show Fe/Si ratios of 1.53 and 2.18, respectively. The
reference asbestos amphiboles UICC amosite and UICC crocidolite, on the other hand, have Fe/Si
ratios of 0.8 and 0.7, respectively [38].

Table 2. Mean chemical composition and Fe/Si ratio, as determined by SEM-EDX, of non-coated

fibres.
Element Weight Percent

Crocidolite Fe/Si Fe Si Al Mg Na
Mean (n = 6) 153 491 331 312 403 10.6
On-1 045 845 382 154 091 548

Amosite Fe/Si  Fe Si Al Mg

Mean (n = 4) 2.18 60.6 30.7 1.06 6.63

On1 078 912 826 0.78 1.56

Figure 5 displays a HRTEM image and the corresponding FFT electron diffraction patterns of a
non-coated crocidolite fibre recovered from the lung tissue. The FFT patterns demonstrate that, after
several decades of residence in the human lung, the crocidolite fibre preserves its bulk crystallinity
(Figure 5a) but exhibits a thin amorphous layer on its surface (Figure 5b). The FFT pattern of the fibre
edge (Figure 5b) reveals the characteristic diffuse pattern of amorphous material, whereas Figure 5a
shows the typical diffraction pattern of crystalline materials. From Figure 5a, the d-spacings returns
avalue of 9.9 A along (100) and of 5.3 A along (001). These values are consistent with the d-spacing
of the crocidolite sample reported by Hawthorne [39]. The spatial distribution of Si, Fe, Mg and Na,
shown Figure 6, appears uniform along this fibre. The width of the amorphous layer of crocidolite
fibres ranges from 3 to 7 nm (Figure 7). The comparison of the results of our HRTEM study with those
reported by Gualtieri et al. [17,18] for in vivo animal studies [17] shows that after a long contact time
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in rat tissue (80 weeks), the mean thickness (15.2 nm) of the amorphous layer developed on the
surface of crocidolite was much thicker than that found in our investigations (average 5.12 nm) [18].
Furthermore, the crocidolite fibres found in the lung tissue of the rats, unlike what was found here
for crocidolite from human tissue, showed a significant enrichment of Si on the surface of the fibre
[18].

Figure 5. High resolution TEM image of a highly crystalline crocidolite fibre after a residence of ~40 y in
the lung of the subject. (a) FFT pattern of the core of the fibre; (b) FFT pattern of the thin amorphous surface
layer. The black arrow indicates the direction of the crystallographic c-axis.

Figure 6. STEM image of crocidolite fibres. The red square identifies the area selected to carry out the
EDX mapping. The fibre inside the red square is the same as in Figure 5. The STEM-EDX maps on the
right side show the spatial distribution of Si (turquoise), Fe (red), Mg (violet), and Na (green). The
maps were generated after background subtraction performed on the spectra obtained in the studied
region of interest (ROI).
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Figure 7. Selected examples (HRTEM images) of four highly crystalline, non-coated crocidolite fibres
with a very thin amorphous layer on their surface. Red arrows and red lines highlight the amorphous
layer. ¢ = c-axis of crocidolite. The crocidolite fibre shown in the right top box is the same as shown in
Figure 5. The images were acquired after a check of the stability of fibre under an electron beam. The
black arrow indicates the direction of the crystallographic c-axis.

3.2. Asbestos Bodies (ABs)

In the present work, the term asbestos body (AB) refers to the overall coating material present
on the surface of an asbestos fibres. AB segments refer to the individual knobs of the coating material.
Fibres coated with ABs were found in all studied tissue samples. FEG-SEM and STEM images
document that ABs occur with a wide variety of morphologies (Figures 8 and 9). As mentioned above,
the ABs were found surrounding fibres with L > 20 um, but only the fibres with L > 30 um were
completely coated by the ABs. The shape of ABs includes: dumbbell-shaped; beaded; fusiform;
elliptical; spherical; cylindrical; and pearl-, lancet- and carrot-like shapes. The beaded structure was
the most common appearance of ABs (Figures 8a,c and 9a,e). ABs with beaded structures are variably
segmented into spherical or rectangular segments spaced evenly along the fibre. The size of
individual AB segments varies in length from 0.2 to 5.0 um, and width from 0.6 to 4.0 pm. The space
between the segments is in some cases covered by a secondary coating (Figure 8a,b). Segments are
sub-cylindrical (Figure 8b) or disc-shaped (Figure 9¢). Some beaded structures are fused (or partially
fused) together (Figures 8d,e and 9c¢,d,f). The AB segments that occur at the tips of fibres are in many
cases sub-rounded, and typically display multiple sequences of coatings (Figure 9a,b). The width of
these AB segments at the tip of the fibre range from 1.5 to 9.5 um. We also measured both the length
of the fibres and the volume of ABs and observed that the largest ABs develop on the longer fibres
(Figure 10). The volume of ABs was measured on the fibres that were fully visible in the field of view
(11 fibres and associated 11 ABs). Depending on the AB form, we used either ellipsoidal, cylindrical
or parallelepipedal models to determine the AB volume.

By comparison with our results, the ABs developed in the lungs of rats exhibited various shapes,
from cylindrical to elliptical and are often different from those observed here. Globular clusters were
present on one or both ends of the coated fibres in the rat tissues. The size of all ABs (including AB
segments) recovered from rat tissue varies in length from 4 to 25 um, and width from 4 to 8 um. On
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the other hand, ABs (including AB segments) recovered from the human tissue samples from this
study have lengths between 0.2 to 80 um and widths between 0.6 to 9.5 pm.

20 pm : 100 nm

Figure 8. (a) FEG-SEM image showing an example of the beaded shape of asbestos bodies (ABs). (b)
Close-up of red square shown in image (a). Image showing the beaded shape with the red arrow
indicating the space between individual AB segments covered by a secondary coating. AB segments
show sub-cylindrical shape. (c) FEG-SEM image showing the typical beaded shape of ABs. AB and
associated fibre cores are curved. ABs show sub-cylindrical segments spaced evenly along the fibre.
The AB segment at the fibre tip is sub-rounded. (d) STEM image of a partially coated fibre with
elliptical-shaped ABs; (e) STEM image showing a typical example of the apical AB segments at the
tips of fibres. Segments are partially fused. (f) TEM image of a partially coated fibre. The AB appears
as a smooth, corrugated coating of the fibre.
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Figure 9. FEG-SEM images of asbestos bodies found in the lung of the human subject. (a) Typical
sub-rounded AB segments at the tips of fibres. (b) The AB at the fibre tip showing typical multiple
sequences of coatings. (c,d) ABs showing a habit in which the individual segments are fused (or
partially-fused) together; (e) disc-shaped beaded segments; (f) disc-shaped segments partially-
fused.
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Figure 10. Scatter plot showing the volume of the ABs vs. the length of coated fibres. Dashed line
represents an exponential fitting function (R? = 0.70) to the data points.

The results of semi-quantitative EDX analyses of the ABs are reported in Table 3, together with
the elemental composition of ABs developed on a crocidolite fibre found in the lung tissue of another
human subject studied by Rinaudo et al. [40]. For comparison, the elemental composition of ABs from
crocidolite fibres that were in contact with rat tissue for 80 weeks is also reported (Table 3). The ABs
recovered from the human lung tissue are considerably richer in Fe and Si than those recovered from
rats which, on the other hand, are richer in Ca and P. Unfortunately, no data regarding the Na, K and
Al contents of the rat ABs are available. The ABs investigated here are on average poorer in Ca and
Si but richer in P than those studied by Rinaudo et al. [40] (Table 3). The discrepancies between
different data sets in Table 3 may be due to the different analytical approaches, detectors and
correction factors used by each study.

Table 3. EDX semi-quantitative chemical composition of asbestos bodies. For comparison, data for
asbestos bodies recovered from another human subject [40] and from rat lungs (in vivo animal tests
[18]) are given as well.

Element Weight Percent
Descripti
Asbestos bodies  Subject escriptive Fe Si Mg Ca P Na K Al
Statistics
Mean (n = 6) 559 199 258 287 113 320 158 397
Present Studv 1 Max 682 412 785 469 246 616 200 7.75
man
y o Min 247 619 064 118 156 030 094 055
Oni 156 13.6 271 148 873 196 046 2.55
Mean (n = 3) 410 337 289 599 394 114 112 0.82
Max 535 439 290 698 570 137 112 131
Reference [40]  Human Min 286 228 287 487 252 894 112 116
Oni 102 86 002 087 132 196 - 059
Mean (n=11) 457 182 035 164 699 - - -
M 106 3.86 080 21.0 103 - - -
Reference [18] Rat a.1x
Min 199 099 007 883 346 - - -

On-1 263 098 018 434 199 - - -
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STEM investigations reveal that the ABs recovered from the lung tissue of the male subject are
composed of aggregates of small, rounded particles (Figure 11a,b) with a mean diameter of 52.3 A (n
= 54; on1=4.2). As reported in the literature [41,42], these particles are mainly composed of ferritin
(an Fe-storage protein) or hemosiderin. The nature of hemosiderin is not yet completely understood,
but it is believed to be a degradation product of ferritin. It consists of fragments of ferritin usually
mixed with other amorphous, decomposed proteins, lipids and/or mucopolysaccharide-based
materials [19,42]. An FFT pattern extracted from HRTEM images of ABs revealed the coexistence of
a homogeneous halo (due to the presence of amorphous phases) and one to several concentric rings,
which arise from the presence of a polycrystalline material (Figure 11c—f). Previous studies [42—45]
have shown that Fe is stored inside the hollow cavity of ferritin as ferrihydrite. Ferrihydrite is a poorly
crystalline nanomaterial, which can be responsible for the yellow-orange colour of ABs when
observed with an optical microscope [46,47]. Ferrihydrite with some degree of crystallinity displays
a major diffraction line between 2.5 and 2.6 A [44] and two minor lines at 1.7 A and 2.0 A [47]. In our
samples, polycrystalline ferrihydrite was identified because of the presence of the rings at 2.6 A and
at 1.7-2.0 A in the FFT patterns of the ABs (Figure 11 c—f). Ferrihydrite is a metastable precursor of
iron oxides, such as hematite and goethite [45]. The FFT pattern in Figure 11d shows a diffraction
ring at 4.2 A, which may be attributed to (110) of goethite [48]. In Figure 11f, the diffraction ring at
2.5 A may be attributed to polycrystalline goethite [48]. The coexistence of both ferrihydrite and
goethite in the same ferruginous material might result from a catalytic effect of the amphibole surface,
where Si-O-Fe connections with ferrihydrite are observed [49]. In fact, these connections are thought
to be responsible for the delay in the ferrihydrite-goethite transformation, which extends the stability
range of ferrihydrite [50]. It should be noted that great prudence must be taken in extrapolating of
FFT results, since ABs are composed of several Fe-based phases, which may have similar crystal-
plane spacings contributing to the diffraction patterns. Furthermore, exposure to the electron beam
during the TEM analysis may have induced a phase transformation of the studied species/phases.
Results of FFT pattern investigation are estimates and do not provide exhaustive qualitative
information. The FeOx species should be further investigated with more advanced techniques. ABs
may also contain accessory phases, such as apatite or Ca-oxalates [18,40,51]. These accessory phases
explain the presence of Ca and P in the spot analyses of ABs (Table 3). Phosphorus, however, can also
be present in the protein aggregates. Figure 11c shows a distinctive diffraction ring at 2.7 A attributed
to a major diffraction line of apatite (300), also present as polycrystalline material. In contrast to our
findings, a significant number of ABs found in the lung tissue of Sprague-Dawley rats were mainly
composed of apatite [18].
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3 nm’! 2; 6 A 3nm’

Figure 11. (a,b) TEM micrographs showing ABs on a crocidolite fibre; (c) FFT pattern extracted from
HRTEM image of an AB shown in 11a (blue square is the region of interest); (d) FFT pattern extracted
from HRTEM image of an AB shown in 11b (green square is the region of interest); (e) FFT pattern
extracted from HRTEM image shown in 11a (red square is the region of interest); (f) FFT pattern
extracted from HRTEM image of an AB shown in 11b (yellow square is the region of interest).
Diffraction rings at 2.6, 2.0 and 1.7 A may be attributed to ferrihydrite. Diffraction rings at 2.7 A may
be attributed to apatite. Diffraction rings at 4.2 and 2.5 A may be attributed to goethite.

3.3. Comparison with Literature Data
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In the last forty years, several studies focused on asbestos fibres found in lung tissue [52]. One
of the universally accepted “reference texts” on this topic is Stanton et al. [53]. According to the so-
called “Stanton hypothesis”, carcinogenic asbestos fibres are longer than 8.0 um and thinner than
0.25 pm (see Figure 4). Following that model, needle-shaped fibres with “Stanton size” cannot be
removed by phagocytic cells like macrophages [53,54], triggering the typical asbestos-induced patho-
biological mechanisms (i.e., generation of free radicals, cell and DNA damage, chronic inflammatory
reaction, delivery of chemical carcinogens) [15]. Of the amphibole fibres investigated in our work,
75% met the length criteria proposed by the Stanton hypothesis, whereas 50% were thicker than the
“Stanton-size thickness”. However, as mentioned above, these models are based on in vivo animal
studies and are not always suitable for the study of human biomechanisms. In order to accurately
identify the dimension of asbestos fibres that are biopersistent in the human lung, Roggli and Green
[55] recently examined a wide range of morphologic data for asbestos fibres recovered from lungs of
91 human subjects. A statistically representative processing of this dataset indicated that the majority
of amosite and crocidolite fibres that persisted in the lungs after being inhaled have L > 10 um and
W < 1.0 um [55]. In general, amphibole fibres observed in our investigation met the width criteria
proposed by Roggli and Green [55], but only 30% of the amphibole fibres had L <10 um. As suggested
by Roggli and Green [55], these shorter fibres (L < 10 um) should be classified as elongate cleavage
fragments with little or no pathogenic effect. This hypothesis is also supported by the work of Berman
and Crump [56] that through the statistical processing of the literature data showed that fibres with
L >10 pm contribute most heavily to both asbestos-induced lung cancer and mesothelioma. However,
there are still conflicting opinions on this issue and to date there are no conclusive studies proving
the non-toxicity or non-pathogenicity of elongate cleavage fragments [57]. The findings of Roggli and
Green [55] also confirm the difference between the size of crocidolite and amosite fibres observed in
our investigations. Amosite fibres were systematically longer than crocidolite fibres, whereas
crocidolite fibres were 30% thinner than amosite fibres.

As proposed by several studies [18,22,55,58] and confirmed by our results, the fibre length plays
a key role in the development of ABs (Figure 4). ABs nucleate only at the surface of fibres longer than
the Stanton size (Figure 4), which cannot be engulfed by human alveolar macrophages (generally
assumed to have a size of ~21 um [59]). These long fibres lead to frustrated phagocytosis and the
release of highly reactive cyto- and genotoxic substances into the extracellular space. The formation
of ABs represents the product of the exocytotic activity of macrophages aimed at the isolation of these
reactive fibres [37]. However, the results of our investigation further suggest that the width of the
fibres is also a controlling factor for the formation of ABs. Specifically, only very thin fibres (W <0.5
um) were coated, and the average width of these coated fibres (0.25 pm) has exactly the same value
as that of Stanton-size fibres (Figure 4). It should be noted that some differences found between our
results and those obtained in the in vivo tests with rats can be attributed to the intrinsic differences
between human and other animal cells. For instance, the size of the phagocytes is species-dependent
[59,60] and this can undoubtedly influence the formation of ABs.

3.4. New Insights in the Mechanism of Formation of ABs

Asbestos fibres that have managed to pass the upper respiratory system (the first defence
mechanism of the body against alien particles) and have been deposited in the alveolar space
promptly summon accumulation of phagocytic cells (e.g., macrophages) in charge of dissolution and
clearance of the fibres. This second defence mechanism of the body against respirable particles is
effective for small spherical objects but fails for longer asbestos fibres. When macrophages fail to
completely internalise the longer fibres (frustrated phagocytosis), an inflammatory activity is
prompted. This inflammatory activity can become chronic, because fibres can be biopersistent and
resist reiterated attempts of phagocytosis. At this stage, the third defence mechanism of the body may
take place as “frustrated” phagocytic cells promote isolation of the alien particles by encapsulating
them inside the ABs. However, only fibres with the Stanton-type size can effectively undergo this
process, which is mediated by Fe [37,53]. Iron can be released during the inflammatory activity, if
present in specific lysosomes, and can contribute to the formation of homogeneous aggregates of iron
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hydroxide micelles (ferritin or hemosiderin) around the fibres [22,37]. The coating process takes place
only where the lysosomal contents (mainly acid hydrolases) are released and accumulate on the fibre
surface [37]. Macrophages are supposed to cause a compartmentalised production of ABs, which
results in the typical segmented structure [37]. The peculiar sub-spherical structure of ABs is due to
the globular shape of ferroprotein complexes, such as ferritin and hemosiderin [42]; ie., an
accumulation of spherical corpuscles (e.g., ferritin micelles) around a cylindrical solid, such as a fibre,
generates a rounded coating (AB segments). As clearly demonstrated by in vitro and in vivo
experiments [37,60,61], assuming that abiotic pathways are negligible, the coating process starts as a
smooth layer of ferroproteins and later develops into the characteristic beaded structure. The
difference in size of the ABs located along the fibre and that of the bulbous ABs at the tip of the fibre
has never been considered to date. Time-lapse video microscopy of macrophage—asbestos fibre-
binding events [62,63] showed that the macrophages try to internalise the long fibres by preferentially
starting from their terminations. Consequently, this portion of the fibre is subject to repeated coatings,
leading to increased thickness. Previous studies also state that the pearl structure is the final step of
the fibre-coating process [37,58]. However, our observations show that mature ABs can eventually
develop secondary coatings that tend to cover the previous, segmented ABs (Figure 9b—d). Figure 12
merges the findings of our study with the consolidated models from the literature [37,60,61] to update
the mechanism of AB formation in the human lung. In the first stage of development, ABs appear
like a smooth, corrugated coating of the fibre (Figures 8f and 12b). Compartmentalised production of
ABs by macrophages then leads to the development of the typical segmented structure (Figures 8d
and 12c). Mature ABs show the completely beaded shape (Figures 9e and 12d). During growth, the
AB segments at the tip of the fibre incorporate adjacent units and increase in size (Figures 8e and
12d). After remaining in lung tissue for a long time, the ABs may develop multiple coatings (Figures
9b,d and 12e). This phenomenon occurs mostly at the tips of the fibre (Figures 9b and 12e).

>
Y

(a) (b) (c) (d) (e)

Figure 12. Graphical representation of development of an AB. Mineral fibre is light purple; AB is dark

grey; secondary coatings are light grey. (a) non-coated fibre; (b) first stage of fibre coating, AB appears
like a smooth coverage; (c) AB evolves developing a segmented structure; (d) mature AB with a pearl
structure, where the individual segments are well separated from each other. The ends of the fibre are
larger than the other segments and sub-rounded; (e) some fibres may show multiple coatings.

Despite the existence of a large body of literature data dealing directly or indirectly with ABs,
the source of the Fe to prompt formation of ABs is still a matter of debate. STEM-EDX chemical
mapping (Figure 6) shows that the Fe distribution in the amphibole fibre is preserved, with no or
only minor release of Fe outside the structure to act as an iron pool for the formation of ABs. As
proven by the FIT patterns, assuming that abiotic processes are negligible, the Fe detected by EDX
analyses of ABs is associated with ferroproteins, such as ferritin [64]. Therefore, the open question is
why and how macrophages use ferritin to coat the asbestos fibres. Some speculation can be done
considering the polyvalent nature of ferritin. Ferritin is a nanobox protein designed to contain and
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maintain Fe in solution [65]. In addition, as suggested by Arosio and Levi [66], this protein plays an
important role in the protection of cells against oxidative damage. Ferritin inhibits oxidant-mediated
cytolysis [67] and reduces lipid peroxidation induced by Fenton-type reactions [68]. The proliferation
of ferroproteins (e.g., ferritin) in the lungs is regulated by the siderophages (hemosiderin-containing
macrophages) [69-71]. Cells exposed to pro-oxidant xenobiotic substances, such as asbestos fibres,
induce recruitment of monocytes (e.g., macrophages) and cytoprotective agents (e.g., ferritin) as
defence mechanisms (see above). Consequently, it is possible that when a macrophage interacts with
a fibre, its affinity with the ferritin (recruited by antioxidant response) prompts a combined action to
build the ABs. Other mechanisms may be active in the ferritin adsorption onto the fibre surface (e.g.,
electrostatic interaction, van der Waals dispersion, solvation) [64]. In this regard, Ghio et al. [72]
suggested that positively charged functional groups of ferritin (e.g., ammonium group) can
eventually bond with a silanol group located at the fibre surface. In this case, ferroproteins cluster on
a portion of fibre with higher concentrations of silanol, leading to the formation of an AB [72].
However, the interaction of ferritin with asbestos fibres is more complex and evolves with time
[40,64,73]. A long-term stay of ABs on the fibre surface causes profound alterations of the ferritin. In
fact, ferritin of mature ABs shows high degrees of alteration, which can eventually lead to exposure
of its ferrihydrite core and a potential release of Fe [73]. In support of this hypothesis, we observed
goethite, identified by the FTT patterns (Figure 11), which documents alteration of ferrihydrite while
ABs remain in the lung tissue. Uncontrolled release of Fe from ABs into the extracellular space may
eventually mediate Fenton-like reactions and generate reactive oxygen species (ROS), thereby
increasing oxidative stress.

4. Conclusions

Our investigation provides new insights into the activity of asbestos in the human lung and
proves that amphibole fibres can persist unaltered (showing just a thin amorphous coating) in the
lung tissue for a lifetime. On the other hand, chrysotile fibres undergo dissolution, with Mg release
and production of amorphous silica-rich remnants. In this study, the overall crystallinity of
crocidolite fibres has been verified. In a separate study [74], synchrotron nano-diffraction data have
shown that amosite fibres recovered from the lungs of the subject investigated here preserve the
original atomic distribution in the crystal structure after 40 y of residence in the lungs. Here, 75% of
the mineral fibres (coated and non-coated fibres) were longer than 5 um and thinner than 0.4 pm. All
fibres displayed an aspect ratio greater than 3:1, and 31% were coated with ABs. ABs consist of a
mixture of Fe-containing proteins (ferritin and hemosiderin), goethite and apatite. ABs apparently
nucleate only at the surface of fibres longer than 10 um and thinner than 0.5 um. These fibres display
L and W values that are very close to the “Stanton-size parameters” (L > 8 um and W <0.25 um) and
they eventually lead to frustrated phagocytosis and chronic inflammation in the alveolar space. The
fibre-coating process represents the exocytotic activity of macrophages aimed at the isolation of these
fibres by deposition of ferroproteins (e.g., ferritin) onto the fibre surface. The occurrence of goethite
in mature ABs attests to the alteration of ferrihydrite inside the ferritin, to the degradation of the
protein shell, and to exposure of its iron core. This phenomenon can possibly lead to the release of
“safely stored iron” in the extracellular space and may induce an Fe-mediated ROS activation.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: Results of
the stability test carried out on a mineral particle during an TEM investigation. Stability tests were performed
by observing the same ROI for 2 min. After 2 min under the electron beam of the microscope, the crystalline
structure of the mineral particle remains unaltered, and there is no formation of an amorphous phase at the
particle edges. (a) Whole picture of the mineral particle. (b) HRTEM image of the mineral particle after 2 min
under the electron beam, showing a highly crystalline structure (red square is the ROI). Figure S2: (a) SEM image
of non-coated amosite fibre found in the lung tissue of the male subject. SEM image was acquired using the
signal of secondary electrons. Fibre is surrounded by residues of incomplete ashing. (b) SEM-EDX spot analysis
(white star) of amosite shown in Figure S2a. (c) HRTEM micrograph of an individual non-coated crocidolite fibre
found in the lung tissue of the male subject. Crocidolite fibre exhibits a thin amorphous layer on its surface. Red
arrows and red lines highlight the amorphous layer. (d) FFT pattern extracted from HRTEM image shown in
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S2¢, where the red square represents the region of interest. The d-spacings (A) and the angle determined from
the pattern are: [010] =17.8 A, [001]=5.3 A, and & =90°. Calculated cell parameters are consistent with the data
for the South-African crocidolite (RRUFF ID = R060028) [39]. Figure S3: (a) HRTEM micrograph of partially-
coated crocidolite fibre found in the lung tissue of the male subject. Red arrows highlight the ABs segments (b)
FFT pattern of the crocidolite fibre shown in Figure S3a, where the red square is the region of interest. The d-
spacings (A) and the angle determined from the pattern are: [010] =17.7 A, [001] =53 A, and a = 90°.
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