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INTRODUCTION

In the last decade, synchrotron-based techniques have emerged as effective tools for
investigating biological systems at the sub-cellular level. In asbestos-related studies,
X-ray microscopy, combined with X-ray Fluorescence (XRF) and X-ray absorption near
edge structure (XANES) enable successfully investigating the interaction between fibres
and cells. Microscopy and chemical imaging provide very detailed maps, thus chemically
and morphologically characterizing the biological interaction of fibres while monitoring
different toxicity mechanisms. Additionally, the combination of microchemical and
structural information can clarify metal mobilization processes, highlighting both their
intracellular spatial distribution and the possible changes in their valence state induced
by the fibres-cells interaction.

The activities within the PRIN 2017-FIBRES project included the utilization of
multidisciplinary techniques and expertise to study the interaction of different fibres
(chrysotile, erionite and crocidolite) with THP-1-derived macrophages. The numerous
experiments carried out at TwinMic (Elettra synchrotron, Trieste, Italy) and ID21
(ESRF, Grenoble, France) beamlines - here discussed and generally presented - offered
the opportunity to review the invaluable contribution of synchrotron-based techniques
in studying mineral fibres and their biological interaction to step forward in the
understanding of asbestos toxicity and carcinogenicity.

Keywords: SR-uXRF; SR-uXANES; TwinMic; ID21; asbestos; THP-1 cells.

monocytic cell lines THP-1 were exposed to these fibres

In the frame of the PRIN 2017 - FIBRES project, in
vitro experiments were conducted using macrophages
exposed to mineral fibres to evaluate the extent of their
cellular toxicity (Mirata et al., 2022). Three carcinogenic
mineral fibres were selected for the investigation, namely
chrysotile (Balangero, Turin, Italy) (Pollastri et al., 2016a;
Fornasini et al., 2022), crocidolite UICC standard sample
(South Africa) (Pacella et al., 2019), and fibrous erionite
(Jersey, Nevada, USA) (Gualtieri et al., 2016); human

monitoring their interaction at different time intervals
(i.e., 8 h, 24 h, 96 h).

When investigating the viability of biological systems
exposed to fibres, a preliminary characterization of the
fibres and other mineralogical phases is of paramount
importance for the identification of mineral compounds
that may be responsible for metal release associated with
fibres dissolution.

Iron-bearing compounds are commonly present and may
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occur as oxides, oxyhydroxides, carbonates or sulphides.
As iron content needs to be considered in the toxicity
of asbestos fibres, the detection and the identification
of these impurities may be relevant to correlate the role
of iron with its origin, whether from the fibres or from
other impurities. Micro-Raman spectroscopy has been
proven to be an effective tool for the characterization of
mineral fibres and other mineralogical phases present in
asbestos. Noteworthy, micro-Raman characterization
of asbestos materials may be performed in biological
systems (e.g., with THP-1 macrophages) (Mirata et al.,
2022; Bassi et al., 2023) since mineral fibres can be
identified by their distinctive Raman spectra (Petriglieri et
al., 2015; Fornasini et al., 2022). Concerning iron-bearing
compounds, different oxides and oxyhydroxides can be
distinguished (such as magnetite, hematite, ilmenite,
lepidocrocite); iron carbonates and iron sulphides may be
found in different forms (Fornasini et al., 2022).

The study of the early responses of human non-
differentiated and differentiated macrophages to the
three carcinogenic mineral fibres through in vitro tests
allowed the examination of the relationship between
the toxicity parameters and the subsequent toxicity
mechanism leading to severe lung diseases (Mirata et
al., 2022). Among others, the release of metals in both
intra- and extracellular environments represents an
interesting mechanism to be fully investigated, also in
relation to biodurability, fibres dissolution and toxic metal
cargo release. However, a complete investigation of cell-
fibres systems requires both the identification of metals
released in the cellular environment and the study of
their spatial distribution. In this perspective, synchrotron-
based methods have emerged as an effective tool for
investigating biological systems at the sub-cellular level
(Pascoloetal.,2013; Pascolo etal.,2015; Cammisuli et al.,
2018; Gianoncelli et al., 2019). The brilliant and tunable
synchrotron source selected at different wavelengths
and focused at specifically equipped endstations enables
obtaining both qualitative and quantitative analysis of
biosamples, reaching micro- or nanometric resolution and
even combining different analytical techniques.

When studying the interaction between mineral
fibres and the cellular environment, elemental and
structural techniques are required to determine the
chemical composition of biological and geological
samples, or to discriminate the chemical speciation,
respectively (Gherase and Fleming, 2020). When used in
conjunction with mapping capabilities, micro- or nano-
beam techniques can be used to spatially resolve such
information.

Synchrotron radiation X-ray fluorescence micro-
mapping (SR-uXRF) techniques enable the acquisition of
chemical images describing the co-localization of specific

chemical elements. X-ray probes focused at the sample
generate X-ray fluorescence photons, characteristics of
the excited chemical element; when coupled with high-
resolution microscopy, high-resolution absorption and
phase contrast images (i.e., morphological images) are
simultaneously acquired and correlated with the chemical
maps. For studying biological systems, both soft and
hard X-ray microprobes appear suitable in function of
the elements of interest, taking advantage of the range
of spatial resolution and detection limits provided
by different endstations available at the worldwide
synchrotron facilities (Table 1).

The distribution of metals in intra- and extracellular
environments can be easily mapped by SR-uXRF on
different kinds of biosamples, from plants to cells and
tissues (Bohic et al., 2008; Pascolo et al., 2011; Majumdar
et al., 2012; Paunesku et al., 2012, Kopittke et al., 2014;
Bonanni and Gianoncelli, 2023). For instance, SR-uXRF
combined with soft X-ray Microscopy makes it possible
to chemically and morphologically characterize the
asbestos accumulated in the tissues (Pascolo et al., 2011,
2013, 2015, 2016a, 2016b) or in cells (Cammisuli et al.,
2018; Gianoncelli et al., 2019) and to evaluate at the same
time the biological response they cause. Indeed, XRF
allows the study of the chemical interaction of pollutants
with the elements and molecules of the lung by providing
a real mapping of the chemical elements contained
in a sample. High-resolution X-ray imaging, such as
microtomography, has also been demonstrated to be an
extremely useful approach for imaging asbestos bodies in
lung tissues (Bardelli et al., 2021) but it does not provide
chemical information.

Possible structural changes undergone by the fibres or
associated mineral phases in relation to the contact time
and biological environment can be studied by synchrotron
X-ray absorption spectroscopy (SR-pXANES) technique
(Ortega et al., 2012; Porcaro et al., 2018), by interpreting
the photoabsorption behavior of a metal in its absorption
edge region. Information on the oxidation state of
chemical elements is particularly relevant when studying
the release of metal cargos during fibres dissolution
(Pascolo et al., 2013; Bardelli et al., 2023), thus clarifying
the impact of cellular environment (e.g., pH values, etc.)
in determining the changes of metal valence state (Ortega
et al., 2009).

The refinement of crystal structures of carcinogenic
fibres (Giacobbe et al., 2023), the determination of
crystallinity of the fibres after interaction with cellular
environments (Pollastri et al., 2016b; Gualtieri et al.,
2017; Bardelli et al., 2023), the identification of associated
mineral phases and the presence of impurities in crystal
structures (Gualtieri et al., 2016) would need specific
crystallo-chemical diffraction techniques (SR-pXRD)
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Table 1. List of synchrotron beamlines suitable for simultaneous morphological and chemical studies on cells exposed to nanomaterials,
with the indication of available techniques and some practical and useful set-up information.

- . Energy Beam size . Sample Cryo
Facility Beamline range [keV] [um] Techniques environment stage
Advanced Light Source
(ALS), USA 11.0.2 0.160-2 0.025 STXM, uXANES Vacuum No
APS, USA 26-ID 6-12 0.03 x 0.03 uXRF, uXRD Air No
. uXRF, uXANES, .
Australian Syn;hrotron, Nanoprobe* 5-25 0.06 - 0.25 ptychography, XRF Air or vacuum Yes
Australia (for cryo)
tomography
] PXRF, pXANES,
CLS, Canada SM 0.13-2.7 0.03 STXM Vacuum Yes
CLS, Canada SGM 0.25-2 1x0.1 uXRF, pnXANES Vacuum Yes
uXRF, uXANES,
DESY, Germany P06 8-30 0.05-0.35 ptychography, XRF Air No
tomography
. pXRF, pXANES,
Diamond, UK 108 0.2-4.2 0.1-2 STXM Vacuum Yes
- } ) uXRF, uXANES,
Elettra, Italy TwinMic 0.4-2.2 0.1-2.5 STXM, ptychography Vacuum No
ESRF, France ID16B 6-65 0.05 x 0.05 HXRF, pXANES, Air No
UXRD
ESRF, France D21 211 0.03x007  HXRE RXANES, Vacuum Yes
UXRD
MAXIV, Sweden NanoMAX 6-28 0.05-0.2 WXRF, pXANES, Air No
ptychography
MAXIV, Sweden SoftiMAX 0275-2.5 0.01-0.1 “XRFS’T“;QNES’ Vacuum No
) ) uXRF, uXANES, .
NSLS II, USA HXN 12-17 0.1-04 UXRD, 3D XRF Air No
Soleil, France Hermes 0.07-2.5 0.025 STXM, uXANES Vacuum Yes
SOLEIL, France Nanoscopium 5-20 0.05-1 WXRF, LXANES, Air No
PXRD
Paul Scherrer Institute STXM, uXANES,
(PSI), Switzerland Pollux 0.25-1.6 0.02 ptychography Vacuum No
Pohang Light Source 10A 0.1-2 0.025 STXM, uXANES Vacuum No

(PLS), Korea

Shanghai Synchrotron
Radiation Facility BLO8U1-A 0.25-2 0.3 STXM, pXANES Vacuum No
(SSRF), China

* newly open to users or under design/construction.

whose spectrum of applications, handling of samples and In the present work, the potentiality of combining

processing of diffraction data is continually improved elemental and structural information through the

at synchrotron radiation sources both for biological and application of SR-pXRF and SR-uXANES on fibre-cell

geological studies (Grife et al., 2014). systems is discussed, following successful approaches
8 PM
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reported in the literature (Pascolo et al., 2013; Bardelli et
al., 2023).

BIOSAMPLE PREPARATION

According to the desired application, specific sample
preparation is required for the different synchrotron-based
techniques (i.e., SR-uXRF, SR-uXANES, SR-uXRD).
Indeed, the preservation of the elemental distribution is
fundamental for imaging techniques such as SR-XFM
(Synchrotron Radiation X-ray Fluorescence Mapping),
whereas the preservation of the chemical form is critical
for techniques focusing on elemental speciation such
as XANES and X-ray Absorption Spectroscopy (XAS)
(Sarret et al., 2013).

In cryogenic fixation protocols like plunge-
freezing and high-pressure freezing, sample fixation is
characteristically achieved within milliseconds, resulting
in the simultaneous immobilization of all macromolecular
components thus preserving their native state. In the
plunge-freezing method, the sample is plunged in a
cryogen (i.e., propane, ethane, or isopentane) cooled with
liquid nitrogen (Vogel-Mikus et al., 2009). This protocol
is particularly effective for elemental mapping and
speciation, although it is better suited for small samples
(<0.6 mm diameter) since the cooling rates decrease as
sample size increases (Isaure et al., 2015). In high-pressure
freezing, the fast cooling of the sample (~20 ms) happens
at high pressure (~2100 bars), inhibiting the expansion
of water and thus the formation of ice crystals. The
resulting fast and homogenous freezing allows optimal
ultrastructure preservation, while the automation of this
process ensures its high reproducibility. Nonetheless, this
method requires the use of expensive instrumentation and
it is restricted to small samples of a few mm (McDonald,
2009; Lambrecht et al., 2015).

In case the beamline does not have a cryogenic stage
or a fast detector, it is of paramount importance to
dehydrate the cryofixed samples to avoid ice melting
and recrystallization. This process is usually carried out
by freeze-drying the samples at the lowest temperature
possible under low pressure (~10 mbar) before they are
gradually brought back to room temperature and pressure.
However, if this process is not properly done, it may result
in elemental redistribution, loss of elements, shrinking
of the specimens and severe morphology distortion. To
avoid sample shrinkage and/or distortion, critical point
drying may be preferred to remove water from the sample.
In fact, in critical point drying the transitional medium
is CO, (critical point at 31 °C, 73.8 bar), although an
intermediate step in which water is replaced by acetone,
methanol, ethanol, or amyl acetate is necessary since CO,
and water are not miscible (Castillo-Michel et al., 2017).

As an alternative to cryofixation protocols, chemical

fixation is a widely employed technique based on
chemical fixatives, such as formalin, formaldehyde,
paraformaldehyde, or glutaraldehyde (Castillo-Michel et
al., 2017). However, it has been evidenced that, although
it usually preserves the ultrastructure of the sample,
chemical fixation may lead to elemental redistribution
and loss of content. In particular, it has been reported that
sample fixation with formalin prompted the redistribution
of K, Ca, Fe, Cu and Zn (Chwiej et al., 2005; Hackett
et al., 2011; Punshon et al., 2015; Zohdi et al., 2015),
whereas sample preparation with paraformaldehyde or
methanol induced poor preservation of intracellular Mg
and K (Perrin et al., 2015; Merolle et al., 2023).

CHEMICAL SPECTROSCOPIES USING SYNCHROTRON RADIATION

Among other research focuses, metals mobilization
and fibres dissolution mechanisms are in the light of
the PRIN 2017-FIBRES project’s scopes. In this field,
the investigations aim at identifying the composition
of the dissolution products and their origin, possibly
determining when related to fibres dissolution or to the
interaction of associated mineral compounds - especially
iron-bearing species - with biological material. With these
premises, Synchrotron Radiation X-ray Fluorescence
Mapping and uXANES were coupled to map and analyze
metal speciation in different macrophages-fibres systems
from the beginning of the interaction (8 h) over medium
exposure times (24 h and 96 h).

The range of metals involved in dissolution
mechanisms (e.g., from Mg to Cr in the case of chrysotile
fibre dissolution and metal cargo release) required the
combined use of soft and hard X-ray sources, accessible at
specific endstations. The TwinMic soft X-ray microscope
(Gianoncelli et al., 2016) at Elettra Sincrotrone Trieste
(Trieste, Italy) combines scanning transmission X-ray
Microscopy (STXM) with low energy XRF in the 400-
2200 eV energy range allowing elemental mapping of
light elements, from B to P, and transition metals, such as
Mn, Fe, Ni, Co, Cu and Zn (Gianoncelli et al., 2013), while
the recently updated ID21 beamline at ESRF synchrotron
(Grenoble, France) provides complementary elemental
mapping combined with pXANES spectroscopy by
working in the 2-9.5 keV energy range (Salomé et al.,
2013; Cotte et al., 2017). Both beamlines can operate at
submicron spatial resolution, well suited for cell-fibre
systems’ studies. All XRF spectra were processed with the
PYMCA software package (Solé¢ et al., 2007).

In this examination of THP-1-derived macrophages
exposed to three carcinogenic mineral fibres, namely
chrysotile (Balangero, Italy), crocidolite UICC (South
Africa) and Na-crionite (Jersey, USA), we illustrate
the kind of information that can be obtained by using
two different beamlines and taking advantage of the
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complementarity of pXANES-uXRF spectroscopies, by
presenting some examples.

For our experiments with human THP-1-derived
macrophages, 200 nm thick silicon nitride (SizNy)
membranes with a frame of 5 mm x 5 mm and a
membrane size of 1.5 mm x 1.5 mm were prepared for
tissue culture according to Bissardon et al. (2019). Briefly,
the silicon nitride membranes were sterilized with UVC
light for 30 min and coated by adding 30 pL of poly-D-
lysine on the flat surface of the membranes, which were
then incubated for 25 min in a standard tissue culture
incubator at 37 °C in a humidified 5% CO, atmosphere.
After the membranes were washed three times with
sterile deionized water to remove excess poly-D-lysine,
they were left to dry overnight under a laminar flow
hood. Then, THP-1 monocytes were seeded at 50,000
cells/membrane in a complete RPMI-1640 medium
supplemented with 20 ng/mL of phorbol-12-myristate
13-acetate (PMA, PeproTech EC, London, UK). Thus, the
membranes were placed in a 48-well plate with their flat
side facing up and a 30 pL drop containing 50,000 cells
was seeded on each membrane. After 30 min at 37 °C,
the rest of the medium was added to the wells and THP-1
monocytes were induced to polarise into either MO or M1
macrophages as described in Mirata et al. (2022). THP-1-
derived macrophages were then treated with 50 pg/mL of
crocidolite UICC (South Africa), chrysotile (Balangero,
Turin, Italy) and Na-erionite (Jersey, Nevada, USA) for 8
h, 24 h, or 96 h. Then, the cells were washed twice with
PBS and fixed with 4% paraformaldehyde in PBS for 30
min at room temperature. After the paraformaldehyde was
completely removed by gently washing the membranes
with sterile deionised water, the silicon nitride membranes
were dried under a laminar flow hood.

SR-pXRF mapping. Metal release from fibres and associated
minerals: the example of iron

The content of iron in mineral fibres has a fundamental
role in the formation of reactive oxygen species (ROS)
since it is directly involved in the generation of hydrogen
peroxide (H,0,) and hydroxyl radicals (HO<) via the
Haber-Weiss cycle and the Fenton reaction (Gualtieri et
al., 2019a; Gualtieri, 2021).

In chrysotile, several iron-bearing species are
commonly found as impurities. Iron is also substituent
for magnesium in the octahedral sites of chrysotile or
other serpentine polymorphs (e.g., antigorite), which are
generally found as accessory phases in chrysotile fibres
(Pollastri et al., 2016a). Furthermore, iron is a constitutive
element in balangeroite, a fibrous inosilicate present
within chrysotile fibres from Balangero (Italy) (Fornasini
et al., 2022). Non-fibrous species containing iron were
also typically observed in chrysotile. For example, in

chrysotile from Balangero (Italy), they consist mainly of
iron oxides and oxyhydroxides (e.g., magnetite, hematite,
ilmenite, lepidocrocite), iron sulphides (e.g., mackinawite
and iron-nickel sulphides) or iron carbonates (containing
also magnesium) (Fornasini et al., 2022). In crocidolite,
the presence of surface iron (either Fe>* or Fe3*) has to
be considered. As observed in crocidolite UICC, iron-
bearing impurities can be found as minor amounts of
hematite, magnetite, siderite, minnesotaite (Pacella et al.,
2019).

In vitro THP-1-cellular studies with chrysotile fibres,
reporting the contribution of iron in cellular mortality,
demonstrated the formation of aggregated structures of
both fibrous and non-fibrous species. Clusters (from a few
tens pm up to >100 pm wide) of organic and inorganic
materials were observed near the THP-1 cells, including
both fibrous and non-fibrous species; as clusters size and
concentration rise in prolonged exposure times (exceeding
100 um size after 96 h exposure), these products were still
observed, though hardly distinguishable, suggesting a
partial dissolution of the inorganic material.

Understanding the spatial distribution of iron both on
the surface of mineral fibres and in other mineralogical
impurities is therefore essential to evaluate the metal
release dissolution in biological systems (Gualtieri et al.,
2019a).

In Figures 1 and 2 absorption images and SR-uXFM
maps collected on different THP-1 phenotypes at the
beginning and the end of monitoring time outlined
the progressive interaction of the chrysotile fibres and
associated minerals with cells.

Overall, the morphology of mineral fibres and
associated accessory phases can clearly be distinguished.
Chrysotile fibres, iron sulphides (i.e., mackinawite) and
iron oxides (i.e., magnetite) particles are detected in
Figure 1, as recognized with preliminary micro-Raman
measurements by their characteristic spectra; in Figure
1b, a balangeroite fibre is highlighted. The different
morphology of chrysotile and balangeroite fibres is clear
from the absorption images, proving the curvilinear shape
of chrysotile fibres against the rigid profile of balangeroite.

Looking at the selected elements, Na and P outline cells
due to their high content in the intracellular environment
and in the DNA, respectively; Fe marks fibres and
accessory mineral particles, and the extent of metal
release into the biological system.

In MO-THP-1 cells treated with chrysotile (Figure 1),
the mapped areas correspond to clusters of fibres and
particles with cellular material. At increasing exposure
times, the release of Fe is clearly highlighted. After 8
h exposure time, Fe is mainly localized on fibres and
particles, whereas after 24 h higher Fe content is observed
both on fibres and diffusely around them; at increased

!}PM
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Figure 1. Absorption (Abs) images and corresponding elemental maps collected on MO-THP-1 macrophages treated with chrysotile
after (a) 8 h, (b) 24 h and (c) 96 h of contact with fibres. Maps of Na were collected at TwinMic beamline (Elettra) (ROIs marked by
continuous line) at 1500 eV excitation energy, while P and Fe were collected at ID21 beamline (ESRF) (ROIs marked by dot line) at

7.3 keV excitation energy. Scale bars are 10 um.

exposure time (96 h), Fe is extensively widespread in the
cluster and the shape of the fibres is hardly distinguished.

In Figure 2a, the investigated area reports in the
left part of the absorption image a cluster of fibres and
particles after 8 h exposure in M1-THP-1 macrophages,
whereas cells can be recognized on the right and lower
side. SR-uXFM maps depict the high concentration of
Fe especially on non-fibrous particles (i.e., mackinawite
and magnetite) and balangeroite fibres; into the clusters,
Fe is quite widespread along with cellular material, as
indicated by the co-localization of Fe with Na and P. At
this stage, cell morphologies can still be clearly outlined
by P maps. After 96 h of contact with fibres, the extent of
the cluster is quite reduced and isolated groups of M1-
THP-1 cells are hardly distinguished as a result of the

progressive phagocytosis of mineral fibres and accessory
mineral particles. Fe is mainly localized on balangeroite
and iron-rich particles (sulfides and oxides), while
chrysotile fibres - still recognizable into clusters and cells
- are quite reduced in size; Fe is widespread and diffuses
around them.

Considering the positive standard crocidolite (Cardile
et al.,, 2004; Gualtieri et al., 2019b; Bernstein et al.,
2020) herewith used for comparison, in THP-1 cells
treated with crocidolite UICC standard (Figure 3), Fe
and P maps enable the localization of fibres and cells,
respectively, without evident metal release into the
cellular environment at the beginning of the contact; after
96 h of exposure, Fe marks the numerous small fibres
into the cells, evidencing the progress of phagocytosis

!;PM



Synchrotron techniques for studying mineral fibres

a) Abs

Chrysotile ~

N P Fe
? a
. N
N
S
geroites
\\
Chrysotile s
; / /\ -
P 7
7
N\ Magnetite k.
\\ '
-

y 7/

N

N ’
N s
v
A Na e
, N
’ N
’ - 4 o
’ N
’ e
v L AN
P A\ S
i | N
’ "% \
2 —
2 > N
& N
4 N
4 N
S N
S, N
N ’
e ’
N ’
N .
pS ’
S v
A 4
N ’
S .
N ’
N ’
N ’
N ’
N ,
N

Figure 2. Absorption (Abs) images and corresponding elemental maps collected on M1-THP-1 macrophages treated with chrysotile
after (a) 8 h and (b) 96 h of contact with fibres. Maps of Na were collected at TwinMic beamline (Elettra) (ROIs marked by continuous
line) at 1500 eV excitation energy, while P and Fe were collected at ID21 beamline (ESRF) (ROIs marked by dot line) at 7.3 keV
excitation energy. Scale bars are 10 pm.

b)

Figure 3. Absorption (Abs) images and corresponding elemental maps collected on MO-THP-1 macrophages treated with crocidolite
after (a) 8 h and (b) 96 h of contact with fibres. Maps of Na were collected at TwinMic beamline (Elettra Sincrotrone Trieste) (ROIs
marked by continuous line) at 1500 eV excitation energy, while P and Fe were collected at ID21 beamline (ESRF) (ROIs marked by
dot line) at 7.3 keV excitation energy. Scale bars are 10 pm.
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(Di Giuseppe et al., 2022). Contrary to chrysotile, Fe is
not released into the biological environment, mainly as
a result of the different biodurability of these two fibres.

These observations may seem counterintuitive when
comparing the pristine content of Fe in crocidolite UICC
standard (17.4 wt% FeO and 17.9 wt% Fe,03) (Pacella
et al., 2019) and in Balangero chrysotile (2.5 wt% FeO
and 0.4 wt% Fe,O;) (Pollastri et al., 2016a). However,
according to recent acellular dissolution tests, crocidolite
and chrysotile exhibit very different biodurability rates in
the macrophage phagolysosome environment; in fact, the
estimated time of dissolution for chrysotile is extremely
short in comparison to crocidolite (Gualtieri et al., 2018;
Gualtieri et al., 2019c). As a result, although chrysotile
contains a lower amount of iron in its structure, its low
biodurability prompts the fast release of this metal in the
extracellular and intracellular environments, as evidenced
by the widespread diffusion of iron. Conversely,
biodurable crocidolite releases its metals slowly, resulting
in the detection of a lower amount of dispersed iron,
despite its abundance within the fibres.

SR-pXANES. Iron speciation in fibrous-related impurities: the Na-
erionite case

In order to investigate possible iron speciation changes
in iron-rich impurities into the cellular environment, SR-
UXANES spectroscopy was employed on selected points
rich in iron in M1-THP-1 macrophages treated with Na-
erionite (Jersey, Nevada, USA), previously identified by
SR-uXRF mapping. Spectra were acquired at the ID21

beamline in XRF mode across the Fe K absorption edge
and compared with suitable reference standards.

In particular, for all exposure times, XANES spectra
were acquired on three typologies of iron-rich areas: i)
particles located on fibres; ii) particles in proximity to
fibres; iii) particles located into the cells. No significant
differences were noticed among the three types of iron-
rich regions in all exposure conditions (Figure 4) and no
differences appeared when comparing 8 h with 24 h and
96 h of exposure. In all spectra, the main contributions
resulted to be hematite and goethite, in agreement with
Gualtieri et al. (2016), with a content of around 50%
each, whereas no presence or negligible percentage of
FeO is determined by the fitting process. Summarizing,
no detectable speciation changes were evident from the
spectra collected on the different areas in all conditions
suggesting that iron particles associated with erionite fibres
do not undergo chemical changes in this environment for
the monitored exposure times.

CONCLUSIVE REMARKS

The systematic analysis of the biological interaction of
three different carcinogenic fibres with different THP-1
phenotypes offered the opportunity to extend a combined
SR-uXRF and SR-uXANES approach for investigating
the mechanism of fibres dissolution and metal release of
mineral fibres.

SR-uXRF and SR-uXANES data were demonstrated to
be fundamental in defining the role of iron during fibre
dissolution, highlighting the importance of accessory

1.0
0.8 _
06 1 E et —
5 /
(ﬁ. ............
044 iy e Hematite
------------ Goethite
— Fibre
0.2 — Particle in proximity to fibre
— Particle into cell
0.0 T T T T T T T
7.10 712 7.14 7.16 7.18 7.20 7.22 7.24
Energy [KeV]

Figure 4. SR-uXANES spectra collected on particles and fibres in M1-THP-1 macrophages treated with Na-erionite, plotted together

with goethite, hematite and FeO reference standards.
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iron-rich minerals associated with different fibres.

In addition, synchrotron radiation - based experiments
provide further insight in the results of in vitro tests;
although all the three types of fibres are capable of
causing lung diseases, they act through different toxicity
mechanisms due to differences in the extent and type of
metal release, in the release of toxic metal cargos, in the
production of ROS and in the production of inflammatory
mediators.

Overall, this systematic investigation represents an
important step forward in the understanding of asbestos
toxicity and pathogenicity, in particular clarifying the
role of iron and other toxic metals in the surface activity
of the fibres; the examples herewith reported depict
only a representative collection of a wider investigation
involving both metal release from fibres dissolution and
metal cargo release, which will be the focus of dedicated
forthcoming papers.

In conclusion, synchrotron-based methods have
confirmed their relevant role in elucidating complex
mechanisms at the sub-cellular level. They should be
considered complementary to, rather than in competition
with, standard laboratory approaches, since biological
systems need to be studied from the mesoscale to the
nanoscale in order to gain a more complete overview
and understanding. With the advent of fourth-generation
synchrotron sources, planned for almost all facilities,
and relative beamlines’ upgrades, we expect to see faster
experiments combining multi-techniques in a more
efficient way.
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