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ABSTRACT

The long-term toxicity of mineral fibres is closely related to their biodurability and surface reactivity, which are
in turn strongly influenced by mineral dissolution and surface alteration in lung fluids. We investigated disso-
lution rates and nanoscale structural, morphological and surface chemical modifications of fibrous antigorite, a
non-regulated serpentine polymorph of uncertain pathogenicity, amphibole asbestos (crocidolite and tremolite)
and chrysotile, after incubation in artificial lysosomal fluid at pH 4.5, simulating the acidic environment of
alveolar macrophages. Fibres were incubated at 37 °C for up to 4 weeks; elemental release was quantified by ICP-
OES, and recovered fibres were characterized by PXRD, XPS, FE-SEM, AFM, and TEM. All fibres dissolved
incongruently, with preferential leaching of octahedrally coordinated cations and Fe mobilization promoted by
citrate complexation. Chrysotile dissolved extensively and became progressively amorphous, consistent with its
high specific surface area and preferential removal of Mg from outer octahedral layers. When Si-based disso-
lution rates are normalised to specific surface area, fibrous antigorite displays biodurability comparable to
chrysotile and at least one order of magnitude lower than amphibole asbestos. Among amphiboles, tremolite
dissolves more slowly than crocidolite, for which surface erosion exposes underlying Fe(Il)-rich layers. Despite
the simplified, acellular nature of the ALF model, our results show trends in incongruent dissolution, Fe mobi-
lisation and surface amorphization consistent with in vivo toxicological observations. Integration of ALF-based
mineralogical and geochemical data with targeted cellular and in vivo studies may provide a more robust
mechanistic framework for understanding the long-term toxicity of both asbestos and currently unregulated
fibrous minerals.

1. Introduction

anthophyllite, grunerite (commercially known as amosite), and rie-
beckite (commercially known as crocidolite). Despite extensive research

Asbestos refers to a group of six naturally occurring silicate minerals, on asbestos, the precise mechanisms underlying fibre-induced tumour
comprising chrysotile, which belongs to the serpentine subgroup, and initiation are not fully understood. Current evidence indicates that the
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tremolite, actinolite, pathogenicity of asbestos fibres arises from the combined effects of
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Table 1

Key features and calculated dissolution rates of the investigated fibrous mineral samples. The number in parentheses is the 1¢ uncertainty affecting the last significant digit.

Dissolution rate

Reference

SSAgeT

Accessory phases

Crystal-chemical formula

Mineral

Sample locality

Sample name

(pmol m2hYH

(m?g™

supergroup or

subgroup

1.78 (2)

Petriglieri et al.

(2025)

4.0 (5)

Not detected

(Mg2.66Fed 1 0Fed b2Al0.03Mno 01)52.82(Si1.98Al0.02)52.0005.00(0H)3.67

Serpentine

San Mango d’Aquino,
Calabria (Ttaly)

Calabrian

antigorite
Ligurian

0.864 (3)

Petriglieri et al.

(2023)

5.7 (5)

Not detected

(Mg2,62Fed bsFed baAlo.osMno,01)52.80(Si1.97A10.03)52.0005.00(0H)3.65

Serpentine

Val Varenna, Liguria

(Italy)

antigorite

UICC

0.14 (1)

Pacella et al.

(2019)

8.7 (5)

Magnetite, quartz, calcite,

Nag,g3Nay go(Fe3 biFe3 0aMgo 75)55.00 (Siz.95Al0.02)57.97022(0H),

Amphibole

Koegas Mine (South

Africa)

siderite and minnesotaite

(total: 6 wt.%)

(Nag,04Ko.01)50.05(Ca1.osFed 51Mno 01)52.00(Mg4.77Fed 52Fed b1)55.00(Si7.08Al0.01)£7.990022(0H),  Chrysotile (3-4 wt.%)

Crocidolite

0.023 (1)

Pacella et al.

(2024)

9.2(5)

Amphibole

Tacolinei quarry,

Fibrous

Castelluccio Superiore,
Basilicata (Italy)
Shabani Mine,

tremolite

1.03 (2)

Petriglieri et al.

Magnesite, pyroaurite, calcite 27.0 (5)

and dolomite

(Mg2.51Fe5 b2Fed hsAlo.06)x2.94512.0105.00(0H)4.00

Serpentine

UICC

(2023), 2025

Zvishavane (Zimbabwe)

Chrysotile
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physical, chemical, and structural characteristics of fibres, including
morphology, biodurability, and surface reactivity (Bonneau et al.,
1986a, 1986b; Fubini and Mollo, 1995; Gilmour et al., 1997; Fubini
and Arean, 1999; Van Oss et al., 1999; Donaldson et al., 2010;
Bernstein et al., 2013). Fibres that are capable of passing through the
upper respiratory system and reaching the depth of the lung are
“respirable fibres” and, for airborne fibre counting, the World Health
Organization (WHO, 1997) defines as fibres “any elongated inorganic
particle having length > 5 pm, width < 3 pm, and length/diameter ratio
> 3:1”. Aerodynamics of this movement are governed mostly by fibre
diameter (Gualtieri et al., 2017b). Thanks to their high biodurability,
asbestos fibres may reside in lung tissues for decades, significantly
increasing the risk of chronic inflammation and carcinogenesis
(Donaldson et al., 2010). Moreover, Fe present on fibre surfaces may
catalyse the generation of highly reactive hydroxyl radicals (*OH),
which cannot be enzymatically detoxified and have high potency in
damaging biomolecules such as lipids, proteins, or DNA (Shukla et al.,
2003; Someah et al., 2023). Specifically, *OH radicals are catalysed by
Fe(I) from hydrogen peroxide via the so-called Fenton reaction (Haber
and Weiss, 1934; Winterbourn, 1995; Fischbacher et al., 2017). The
reaction may also take place in the presence of ferric iron (Fenton-like
reaction), that can be reduced to ferrous iron promoting the degradation
of another hydrogen peroxide molecule to hydroxyl radical (Turci et al.,
2011). It has been demonstrated that the efficiency of *OH yield is
dependent on the oxidation state and coordination environment of iron
rather than its total content (Andreozzi et al., 2017; Pacella et al., 2018,
2020). Interactions with lung fluids and cells may progressively alter the
fibre surface crystal-chemistry and morphology, substantially modify
surface properties and thereby influence fibre reactivity and toxicity
over time. Therefore, the detailed knowledge of the dissolution mech-
anisms and surface modifications of mineral fibres in solutions simu-
lating lung fluids is a fundamental prerequisite to understand the fibres'
behaviour in the biological environment. Notably, this piece of infor-
mation may help to shed new light on the mechanisms underlying the
observed long-term toxicity of mineral fibres. In this context, the present
study investigates the dissolution kinetics and surface chemical-struc-
tural modifications of a set of mineral fibres during incubation in arti-
ficial lysosomal fluid (ALF, pH 4.5), a standard leaching medium
specifically designed to simulate the acidic lysosomal environment of
alveolar macrophages, which engulf foreign particles in an attempt to
remove them (Innes et al., 2021). Fibrous antigorite, one of the
serpentine polymorphs with possible concern for human health and the
environment (Cardile et al., 2007; Baumann et al., 2011; Baumann,
2012; Fitzgerald and Harty, 2014; Gazzano et al., 2023; Petriglieri
et al.,, 2023, 2025), was investigated alongside reference amphibole
and chrysotile asbestos samples.

Each fibrous sample was incubated in ALF for up to 4 weeks at 37 °C.
First, we quantify time-resolved elemental release by inductively
coupled plasma optical emission spectroscopy (ICP-OES) to derive Si-
based dissolution rates normalised to specific surface area. Second, we
elucidate the underlying ALF-induced fibre alteration mechanisms by
characterising structural, morphological and surface chemical modifi-
cations through a comprehensive multi-analytical approach including
powder X-ray diffraction (PXRD), X-ray photoelectron spectroscopy
(XPS), field-emission scanning electron microscopy (FE-SEM), atomic
force microscopy (AFM) and transmission electron microscopy (TEM).
Finally, we critically compare these ALF-based results with published in
vivo toxicological observations.

2. Materials
2.1. Fibrous samples
In the present study two fibrous antigorite samples were investigated

together with two amphibole asbestos samples (crocidolite and fibrous
tremolite), and a sample of chrysotile. Table 1 summarises the main
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characteristics of the investigated samples, including name, locality,
mineral group, crystal-chemical formula, accessory phases, literature
references, BET specific surface area (SSApgr), and the surface-
normalised dissolution rates determined in this study.

The fibrous antigorite samples were collected from veins within
serpentinite bodies of the Gimigliano-Mount Reventino Unit in San
Mango d'Aquino (Calabria, Southern Italy) and the Palmaro-Caffarella
Unit of the Voltri Massif in Val Varenna (Liguria, North-Eastern Italy).
The Calabrian sample, characterized by Petriglieri et al. (2025), has the
following crystal-chemical formula: (Mga esFedioFed52Alg.0sMng o1)
32.82(Si1.98Al0 02)52.0005.00(0H)3 67. Its specific surface area determined
with the BET method (SSAggr) is 4.0 (5) m? g’l. The Ligurian antigorite,
described in Petriglieri et al. (2023), has the crystal-chemical formula
(Mg2.62Fed bsFed 64Alo.0sMno 01)52.80(Si1.97A10.03)52.0005.00(0H)3.65, and
a SSAggr of 5.7 (5) m? g~ 1. No accessory phases were detected in either
of the two antigorite samples.

The crocidolite sample, that is a fibrous riebeckite supplied by the
Union International for Cancer Control (UICC), was collected from the
Koegas Mine (South Africa). Its crystal-chemical and structural charac-
terization was conducted by Pacella et al. (2019). The obtained
crystal-chemical formula is:

Nag,o3Nay o(Fe3 b1 Fe3 54Mgo.75)s5.00(Si7.05A10.02)57.97022(0H)2. The
SSAggt is 8.7 (5) m?> g’l. PXRD showed the presence of about 6 wt.% of
accessory phases, including magnetite, quartz, calcite, siderite, and
minnesotaite.

Fibrous tremolite was sampled from ophiolitic rocks outcropping in
the Iacolinei quarry in Castelluccio Superiore (Basilicata, Southern Italy)
and was characterized in detail by Pacella et al. (2024). Its
crystal-chemical formula is:

Nay,04K0.01)50.05(Ca1.08Fe351Mno 01)52.00(Mga 77Fed boFed 61)x5.00
(Si7_9gA10.01)27'99022(OH)2. The SSABET is 9.2 (5) IIl2 g_l. Minor amounts
of chrysotile are present in the sample, as indicated by the weak but
detectable 001 reflection at approximately 12° 26 in the PXRD pattern.
The chrysotile content was estimated to be 3-4 wt.% utilizing empirical
calibration curves derived from the intensity ratios of the primary
diagnostic diffraction reflections of serpentine and amphibole. The
relative uncertainty for this quantification method is estimated at
+10%.

The chrysotile sample, also provided by the UICC, was collected from
the Shabani asbestos mine in Zvishavane, Zimbabwe. Its crystal-
chemical formula is:

(Mgg,glF6352F6855A10_06)22.94Si240105_00(OH)4_00 (PCtI‘igliCI‘i et 'dl.,
2023, 2025). This sample is characterized by a very high SSAggr of
27.0 (5) m? g~ !. PXRD identified magnesite, pyroaurite, calcite, and
dolomite as accessory phases.

2.2. Reagents for dissolution experiments

The dissolution experiments were conducted in ALF, which was
made up following the formulation of Innes et al. (2021). The ALF is the
standard solution that simulates the composition and pH of the lyso-
somal environment within macrophages (Table 2). High-purity reagents
were dissolved in ultrapure deionized water (18.2MQcm at 25°C),
produced by a MilliQ Element system (Millipore, France). The pH of the
ALF was adjusted at 4.5 by carefully adding NaOH. pH measurements
were performed using a portable 250A Orion pH Instrument (Orion
Research Inc., Boston, USA) equipped with an Orion gel-filled combi-
nation semi-microelectrode (Thermo Electron Corp., Cambridge,
England).

3. Experimental

For each experiment, approximately 20 mg of material was sus-
pended in 40 mL of ALF inside polypropylene Falcon™ tubes (BD Fal-
con™, Corning, Mexico). The tubes were incubated in a thermostatic
water-bath set to 37 +1°C placed on a magnetic stirrer and kept
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under constant agitation using a magnetic stirring bar. Each sample was
incubated for 1, 2, 3 and 4 weeks and each dissolution test was per-
formed at least in duplicate. The final 4-week incubation experiments
were performed in quintuplicate (n =5) to recover a sufficient mass of
solid residue for multi-technique fibre characterization. A procedural
blank sample, consisting of ALF without solid, was made up following
the same protocol for each set of experiments. It must be emphasized
that, although these conditions do not reproduce the full cellular
complexity of the phagolysosomal compartment, they provide a well-
defined acidic system that is highly suitable for detecting mineral al-
terations within a reasonable experimental time. Moreover, Wood et al.
(2006) suggested that the phagolysosomal environment within macro-
phages may behave as at least a partially closed system, so our approach
can be considered a geochemical end-member model that captures the
key roles of pH, ionic strength and low-molecular-weight ligands (e.g.,
citrate) on mineral dissolution and surface alteration. The pH was
checked after 3 h from the start of the dissolution test and again at the
end, confirming its stability throughout the whole experimental time. At
the end of each experiment, the solutions were filtered using syringes
(BD Plastipack™, Spain) and 0.22 pm GSWP nitrocellulose membrane
filters (Millex-HA, Millipore, Ireland). The retained fibres were rinsed
with ultrapure water to remove any residual solution, then air-dried
prior to the SEM, TEM, AFM, PXRD, and XPS investigations. For anti-
gorite, crocidolite, and tremolite, fibres incubated for 4 weeks were
analysed, whereas for chrysotile only the 1-week sample was investi-
gated, as sufficient material could not be recovered after longer incu-
bation times.

4. Methods
4.1. ICP-OES analysis

The filtered solutions were analysed by ICP-OES to quantify the
cations released from the fibres. Measurements were performed using a
PerkinElmer Optima 2000 DV spectrometer (PerkinElmer, USA) equip-
ped with a cyclonic spray chamber. Prior to analysis, the samples were
treated to break down the organic matrix of the ALF solution. Specif-
ically, 5 mL of each filtered solution were mixed with 2.5 mL of 67-69%
HNOj3 traceSelect™ Ultra (Honeywell, Fluka, Canada) and 1 mL of 30%
H05 Suprapur® (Merck KGaA, Germany) and then heated up to 100 °C
for about 2 h using a DigiBlock mineralization system (LabTech, Italy).
After being cooled, MilliQ water was added to the solutions up to the
final volume of 10 mL, resulting in a 1:2 dilution. During the analysis,
these solutions were further diluted in 1% nitric acid (Ultrapure 60%
HNO3, Merck, Millipore®), resulting in a final dilution of 1:20 or 1:6.

ICP Aristar (BDH) standard solutions in nitric acid for Ca, Mg, Fe, Si,
and Al were used to prepare the calibration solutions for ICP-OES
analysis. Sodium release could not be quantified because its concen-
tration in the ALF solution exceeds the calibration range (0.05-

Table 2
Composition (g L) of the artificial lysosomal fluid (ALF) used for simulation of
the acidic conditions of the lysosome.

Compound Concentration (g L’l)
MgCl, e 6H,0 (magnesium chloride) 0.106
NaCl (sodium chloride) 3.210
Na,HPO, (disodium hydrogen phosphate) 0.071
NaySO4 (sodium sulphate) 0.039
CaCl, e 2H0 (calcium chloride dihydrate) 0.128
NaOH (sodium hydroxide) 6.000
CgHgO5 (citric acid) 20.80
C>HsNO, (glycine) 0.059
CgHsNa3z0, e 2H,0 (sodium citrate dihydrate) 0.077
C4H4O¢Nay e 2H,0 (sodium tartrate dihydrate) 0.090
C3HsNaOs3 (sodium lactate) 0.085
C3Hs03Na (sodium pyruvate) 0.086
pH 4.5
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Fig. 1. Dissolution in ALF at pH 4.5 over 0-672 h. Cumulative release of Mg, Fe, Si and Al (g kg™!) determined by ICP-OES for the investigated samples. Error bars
represent the min-max range for intermediate data points (n =2) and the standard deviation for the final 4-week data point (n =5).

10 mgL™Y). The accuracy of the measurements was monitored by peri-
odically reanalysing the standard solutions after each experimental

batch.

4.2. PXRD analysis

PXRD data were collected on all five fibrous samples before and after
incubation. Measurements were conducted using a Bruker AXS D8
Advance diffractometer (Bruker AXS, Karlsruhe, Germany) operating in
0/6 transmission geometry. The instrument is equipped with incident-
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Fig. 2. Fraction of released elements with respect to their amount in the fibre structure for the investigated samples.

beam focusing Gobel mirrors and a position sensitive detector (PSD)
VAntec-1. The samples were gently ground under ethanol in an agate
mortar and loaded into borosilicate glass capillaries (0.4 mm diameter).
Data were acquired using CuKa radiation in the 5-145° 20 range, with a
step size of 0.0218° 26 and a counting time of 10 s per step. For each
sample, phase identification was performed using the Bruker AXS DIF-
FRAC. SUITE (Bruker, 2017) software package, integrated with the
ICDD PDF-2 Release (ICDD, 2021) database.

4.3. XPS analysis

XPS analyses were carried out to determine the quantitative surface
composition and iron speciation of the five fibrous mineral samples after
incubation in ALF. Measurements were performed using a Theta Probe
spectrometer (Thermo Fisher Scientific, East Grinstead, UK) equipped
with a monochromatic Al Ko X-ray source (hv=1486.6€V, 100 W),
operating in fixed analyser transmission (FAT) mode. Survey scans were
acquired at a pass energy of 200 eV and high-resolution spectra were
collected at 100 eV. The nominal spot size was 400 pm, and the base
pressure during data acquisition was lower than 1077 Pa. A dual low-
energy electron/argon ion flood gun was employed for charge
compensation. The emission angle was set at 53° relative to the surface
normal. The linearity of the binding energy scale was periodically
checked following ISO 15472:2010 standard. Under the adopted
experimental conditions the energy resolution, defined as the full width

at the half maximum height of Ag 3ds,, peak, was 0.9 eV.

The fibres were collected on nitrocellulose membrane filters. All
samples were stored under argon atmosphere prior to analysis to mini-
mise post-treatment oxidation. Binding energy values were referenced
to the C 1s peak of adventitious carbon set at 285.0 eV. Data were pro-
cessed using the CasaXPS software package (version 2.3.25PR1.0,
Fairley et al., 2021). A Shirley-Sherwood background was applied, and
curve fitting was performed using a Gaussian-Lorentzian function.
Elemental quantification was based on peak areas corrected, for each
element, by the sensitivity factor that takes into account the photoion-
ization cross section (Scofield parameter; Scofield, 1976), the inelastic
mean free path calculated according to Seah and Dench (1979), the
spectrometer geometry, the asymmetry parameter (Reilman et al.,
1976), and the transmission function of the spectrometer, experimen-
tally determined during the calibration procedure (Casula et al., 2025).
The estimated uncertainty of atomic percentages is within +10%.

4.4. FE-SEM analysis

Morphological observations of the fibrous samples were performed
using a ZEISS Gemini 500 FE-SEM. Secondary electron images (SEI)
were acquired at various magnifications with a working distance of
11 mm, an accelerating voltage of 15kV and a tilt angle of 0°. Each
sample, both pristine and incubated, was mounted on the stub using
conductive carbon tape and the surface was covered with a thin
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Fig. 3. Variation of the Si/Cation ratio of the released cations (Fe and Mg) at each incubation time compared to that of the pristine sample (Si/Cation)pyx for the

investigated samples. The dashed line indicates congruent dissolution.

chromium coating (~5 nm) using a Quorum Q150T ES sputter to make it
conductive.

4.5. TEM-EDS analysis

For each sample, pristine fibres and fibres incubated in ALF were
dispersed in ethanol (about 1 mm?® of fibres in 2mL of solvent) and
ultrasonicated for 3 min. Then, ~5 pL of solution was transferred using a
pipette onto a 300-mesh copper grid, 3 mm in diameter, supporting a
lacey carbon membrane. TEM observations were performed with a JEOL
JEM 2100P, equipped with a LaBg source and operated at 200 kV. Bright
field (BF) and high-resolution electron microscopy (HREM) images and
selected area electron diffraction (SAED) patterns were acquired with a
3k x 3k Gatan Rio CMOS Camera. Energy dispersive spectroscopy (EDS)
analyses were obtained with an Oxford SSD UltimMax detector holding
an 80 mm? sensor and windowless design. Analytical data were pro-
cessed with the Aztec software and HREM images, whenever required,
were filtered in the Fourier space using the ABS (average background
subtraction) filter as implemented in Digital Micrograph (Gatan) by D.R.
G. Mitchell and based on R. Kilaas's work (Kilaas, 1998).

4.6. AFM analysis

Fibres were transferred using a pipette onto a 1 cm x 1 cm plate of
native oxide-covered silicon (100) and air-dried. The preparation con-
ditions were analogous to those for TEM-EDS analysis. AFM mapping
was performed by using a Keysight 5500 scanning probe microscope.
AFM maps were collected in air in tapping mode, using Bruker silicon
tips (spring constant of 37 N/m and frequency of 320 kHz). AFM maps
were processed with the software WSxM (Horcas et al., 2007). It must be
pointed out that for crocidolite and tremolite fibres it was not possible to
acquire satisfactory AFM images being the fibres too thin or superficially
irregular for AFM tip scan.

4.7. Data treatment and uncertainty notation

Values reported in the form x. xx(y) indicate x. xx + 0.0y, where the
number in parentheses is the 16 uncertainty affecting the last significant
digit, obtained from replicate measurements and/or propagated fitting
errors.
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Fig. 4. Cation/silicon ratios (Fe/Si, Mg/Si) at the surface of the investigated fibrous samples before (pristine) and after incubation in ALF at pH 4.5 (1 week = 1w; 4
weeks = 4w). Error bars represent the standard deviation of triplicate measurements.
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Fig. 5. Relative intensities of Fe 2p3,, components [Fe(II), Fe(III), Fe-OOH] before incubation (pristine) and after 4 weeks in ALF at pH 4.5 for the investigated

samples. Error bars represent the standard deviation of triplicate measurements.

5. Results and discussion
5.1. Fibrous antigorite

ICP-OES results showed that the two antigorite samples display a
similar trend in cation release during incubation in ALF, with concen-
trations progressively increasing over time. This indicates a continuous
fibre dissolution process, approaching but never reaching saturation
conditions by the end of the experiment. Mg and Si were the main
released elements, whereas Fe and Al were leached out in significantly
lower amounts (Fig. 1). However, when considering the actual fractions
of the released elements (expressed as a percentage of the leached cation
with respect the bulk content), both fibrous antigorite samples show that
the fraction of Al and Fe released with respect to their concentration in
the fibre structure is very high (up to 80%), even higher than Si and Mg,
especially for Calabrian antigorite (Fig. 2). The congruency of the
dissolution process was assessed by using the [(Si/Cation)px/(Si/Cati-
on)solution] ratio, where molar ratios of Si relative to Mg, Fe, and Al in
solution for each sampling time are compared with those obtained for
the mineral bulk composition (Fig. 3). For both fibrous antigorite sam-
ples, the release of Si and Mg was nearly congruent (i.e., stoichiometric
cation release with respect to the bulk composition of the pristine
sample), whereas both Fe and Al were preferentially released with
respect to Si, especially for the Calabrian sample. It should be noted that

the preferential release of these cations is likely enhanced by the effi-
cient chelating action of citrate ions present in the leaching solution
(Glusker, 1980). Since Si is generally the rate-determining element in
silicate dissolution (Oze and Solt, 2010), it was used for dissolution rate
estimation. For the two fibrous antigorite samples, the Si-based disso-
lution rate was determined by linear regression of Si release over the
undersaturation interval (first 2 weeks, i.e., 336 h; Fig. 1). Despite its
lower specific surface area, the Calabrian antigorite (SSAggr = 4.0 (5)
m? g71) exhibits a Si release rate approximately 1.5 times faster than
that of the Ligurian sample (SSAggr = 5.7 (5) m> g’l)‘ Specifically, the
calculated SSA-normalised dissolution rates are 1.78 (22) pmol m2h!
and 0.87 (8) pmol m~2 h™! for the Calabrian and Ligurian antigorite,
respectively. This enhanced reactivity in the Calabrian sample is
possibly correlated with a lower extent of Al>* substitution for Mg?*
within the octahedral sheet, as reflected by the lower [AI3T/(Mg®™ +
AIPH)] ratio of 0.010 compared to 0.017 for the Ligurian specimen.
Given that the calculated Madelung site energies for AlI-O and Mg-O
bonds in octahedral coordination are 0.50 and 0.33, respectively, the
Mg-O coordination polyhedra are thermodynamically more susceptible
to protonation and subsequent hydrolytic cleavage, thereby accelerating
the overall dissolution of the silicate matrix. In addition to chemical
features, the possible presence of structural defects was also considered
as a potential discriminant factor for the different dissolution rates, as
such defects induce strain energy in the crystal, which represents the
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Fig. 6. High-magnification FE-SEM images of fibrous samples before (left) and after 4 weeks in ALF at pH 4.5 (right): (a) Calabrian antigorite, (b) Ligurian antigorite,
(c) UICC crocidolite, (d) fibrous tremolite, and (e) UICC chrysotile (after 1 week of incubation in ALF). Arrows show jagged edges and surface erosion (a and b);
rounded, bubble-like protuberances and surface nodules distributed along the pristine fibre (c); broken fibre-like particles (d); non-fibrous particles and aggre-
gates (e).
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Fig. 7. 2pm x 2 pm-AFM maps (from left to right: topography, amplitude and phase signals) for sample after incubation in ALF: (a) Calabrian antigorite, (b) Ligurian

antigorite, and (c) UICC chrysotile.

energetic driving force for etch pit formation (Lasaga and Liittge, 2003).
However, TEM observations did not reveal any significant difference in
terms of defect density between the two samples, which are equally
affected by high disorder, therefore suggesting the former chemical
mechanism as the prevailing one.

XPS survey spectra showed the presence on antigorite surface of Si,
O, Mg, Fe, and small amounts of C, attributable to the adventitious
organic contamination layer (Fig. S1). For the Ligurian sample, minor
amounts of F are detected on the fibre surface after ALF incubation.
Given the absence of fluorine in the pristine sample and the use of PTFE
(Teflon)-coated magnetic stir bars, we tentatively attribute this signal to
localized degradation of the PTFE coating during prolonged stirring
(Amato et al., 2024). In addition, the weak contribution at ~18° 20
observed in the experimental PXRD patterns is consistent with the
presence of PTFE (Fig. S2). This finding provides a reinterpretation of
previous observations (Pacella et al., 2021, 2023), where this peak was
erroneously assigned to the precipitation of hydrated Mg and Fe sul-
phates (such as pentahydrate, butlerite, and melanterite). The surface
quantitative composition of the incubated fibres was determined from
high-resolution XPS spectra by evaluating peak areas and applying
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sensitivity factors calculated using the first principle method (Fantauzzi
et al., 2010). Obtained results indicate substantial surface depletion in
Mg and Fe on the surface of both samples after incubation in ALF. In
Calabrian antigorite, the Mg/Si ratio decreases from 1.2 (1) to 0.12 (1),
and the Fe/Si ratio from 0.087 (14) to 0.016 (4) (Fig. 4). Ligurian
antigorite exhibits a similar but less pronounced behaviour, with Mg/Si
decreasing from 1.1 (1) to 0.22 (1) and Fe/Si from 0.053 (11) to 0.020
(8) (Fig. 4), in agreement with its lower dissolution rate. It must be
pointed out that XPS reveals significant Mg depletion relative to Si at the
fibre surface, although the Si/Mg molar ratio in solution measured by
ICP was very close to that of the bulk. This apparent discrepancy may
result from the rapid dissolution of a sample fraction made of smaller
fibres, which can dissolve completely and contribute to the cation con-
centration into solution with a ratio close to that of the bulk, thereby
masking the non-stoichiometric release from bigger, partially leached
fibres.

The Fe 2ps3/» signal was curve-fitted according to the procedure
described by Fantauzzi et al. (2010). For the Ligurian sample Fe speci-
ation remained unresolved due to the very low signal-to-noise ratio of
the Fe 2ps3/p signal. In Calabrian antigorite, the Fe signal revealed
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Fig. 8. HRTEM images of (a) UICC crocidolite and (b) fibrous tremolite after 4 weeks of incubation in ALF, with related SAED patterns (shown in the upper-right

insets), indexed along [110] and [211], respectively. Note the rounded edges and thin amorphous rims characterizing both amphiboles, suggesting surface disso-
lution. The diffraction pattern of tremolite could be indexed only with a primitive unit cell, since the h + k = odd reflections should be absent according to the

expected C2/m symmetry.

contributions from Fe(II)-O, Fe(Il[)-O and Fe(II[)-OOH components
(Fig. S3). The Fe(IlI)-O component detected in the pristine sample dis-
appeared after 4 weeks of incubation, while Fe(II)-O remained nearly
unchanged and Fe(III)-OOH increased from 41% to 56% (Fig. 5). The
disappearance of the Fe(III)-O surface species likely results from pref-
erential chelation of Fe(IIl) over Fe(Il) by the citric acid present in ALF,
given the higher stability of the Fe(III)-citrate complex compared to Fe
(ID)—citrate (Konigsberger et al., 2000). Nonetheless, this interpretation
must be taken with caution due to the low intensity of the Fe signals
detected in the sample (Fig. S3).

SEM (Fig. 6a and b) and AFM (Fig. 7a and b) images of ALF-treated
fibrous antigorite revealed, for both samples, alteration features such as
jagged edges and surface erosion. However, despite these changes, the
overall fibrous morphology remained largely preserved. Similar obser-
vations were obtained by TEM analysis (Fig. S4). Furthermore, in the
AFM maps (Fig. 7a and b), rounded aggregates ranging from tens to
hundreds of nanometres are visible on the fibre surface, possibly related
to secondary mineralization. In the case of the Calabrian antigorite, such
aggregates have a height relative to the fibre surface of 28 (10) nm
(number of measurements n=49); the aggregates on the Ligurian
antigorite have a height comparable to the Calabrian one, namely 28 (9)
nm (n = 28).

5.2. UICC crocidolite

ICP-OES results showed that crocidolite released mainly Fe and Si
into the ALF solution, reaching maximum concentrations of ca.
25 gkg™! (after 3 weeks or 504 h) and ca. 10 gkg™* (after 4 weeks or
672h), respectively (Fig. 1). Both elements displayed broadly similar
release kinetics, with a steep increase in concentration during the first
week (168 h), followed by a progressive decrease in leaching rate and an
approach to quasi-steady values after the second week (336 h). It must
be pointed out that the dissolution of siderite (FeCO3), occurring as a
minor phase in the pristine sample (Table S1), contributed to the total Fe
measured in solution, being this phase highly soluble under acidic
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conditions (Golubev et al., 2009; Pokrovsky et al., 2009). Assuming the
complete dissolution of siderite (ca. 1.3wt.% in the hand sample),
approximately 6 gkg™! of Fe can be attributed to this phase, leaving
about 19 g kg ™! attributable to crocidolite. Mg is released in much lower
amounts and becomes substantially detectable only after 3 weeks
(504 h) of sample incubation (Fig. 1). When normalised to the fibre bulk
composition, Fe is released to a greater extent than Si (Fig. 2) and, as
already reported for antigorite, its release is promoted by the chelating
action of citric acid present in ALF. However, the fractions of released
cations are below 10% of their content in the fibre, indicating a limited
overall extent of dissolution.

The congruency of dissolution was evaluated using the same
approach adopted for antigorite, by comparing the solution molar ratios
of Si relative to Mg and Fe obtained for each sampling time with that of
the bulk (retrieved using SEM data from Pacella et al., 2019). The
[(Si/Cation)pyk/(Si/Cation)solytion] ~Values ranged between 1.80
(10)-2.02(11) for Fe and 1.87(48)-2.44(53) for Mg (Fig. 3), indicating
a significant preferential release of these cations with respect to Si
(incongruent dissolution). For UICC crocidolite, the Si release rate was
calculated from Si concentrations measured over the first week (168 h),
corresponding to the undersaturation region, and normalised to the
SSIlkBET [8.7 (5) m? g’l], yielding a dissolution rate of 0.14 (1) pmol m—2
h™.

XPS analyses highlighted a marked decrease in the Mg/Si atomic
ratio measured at the fibre surface, from 0.13 (1) in the untreated
sample to 0.017 (4) after 4 weeks of incubation in ALF (Fig. 4). Given the
low concentrations of accessory phases (Table S1), their contribution to
the XPS spectrum (Fig. S1) can be considered negligible. Mg depletion
on the fibre surface is in agreement with ICP results and consistent with
the lower Madelung site energy of divalent cations hosted in C sites of
the amphibole structure compared to the more stable Si tetrahedra
chains (Schott and Berner, 1983; Brantley and Chen, 1995). Moreover,
although the cations hosted at site M(4) of the amphibole structure are
easily leached during amphibole dissolution (Schott and Berner, 1983;
Brantley and Chen, 1995; Pacella et al., 2021), the surface Na/Si ratio
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Fig. 9. TEM images showing lattice fringes in UICC chrysotile fibres: (a) pristine sample and (b) sample treated in ALF for 1 week. The central boxes in both images
outline the areas filtered in Fourier space to enhance the periodic signal. Both the untreated and ALF-treated samples show a comparable degree of internal crys-
tallinity, but the latter displays more irregular edges with corrosion pits, indicated by arrows.

remains stable (variations within one standard deviation), likely
because the release of Na is hindered by its high concentration in the
ALF (Table 2). Concerning Fe, the Fe/Si atomic ratio remained constant
(Fig. 4), despite significant Fe release evidenced by ICP results (see
below for possible explanation).

Results of the Fe 2p3,, signal curve-fitting (Fig. S3) show an increase
of the Fe(I)-O component from 21% to 31%, while the Fe(II)-O
component kept essentially unchanged, and the Fe-OOH signal
decreased from 60% to 51% (Fig. 5b). The observed trends in surface Fe
speciation are consistent with the results obtained by Pacella et al.
(2021) for crocidolite fibres leached in a mimicked Gamble's solution
at pH 4.5. These results suggest an erosion of the fibre surface following
dissolution, which may promote the occurrence of some portion of the
bulk in proximity of (or at) the fibre surface, particularly in the form of
Fe(II), of which the bulk is enriched with respect to the oxidized surface.
The proposed process is consistent with the unmodified Fe/Si atomic
ratio at the fibre surface following dissolution, given the significantly
higher Fe content of the bulk compared with that at the surface (ca.
10 at.%. vs ca. 5 at.%., respectively).

The erosion of the silicate framework at the fibre surface is further
supported by both FE-SEM (Fig. 6¢) and HR-TEM investigation (Fig. 8a),
showing that the fibres incubated in ALF up to 4 weeks display
smoother, cleaner surfaces (absence of bubble-like features conversely
observed on pristine fibres), as well as more rounded edges.

5.3. Fibrous tremolite (Castelluccio Superiore)

ICP-OES data for fibrous tremolite (Fig. 1) are strongly affected by
the selective dissolution of accessory chrysotile (estimated to be 3—4 wt.
% in the starting material). The PXRD pattern of the ALF-treated sample
(Fig. S5) confirms that chrysotile completely dissolves under these acidic
conditions. Consequently, neither the fraction of leached cations relative
to the tremolite stoichiometry nor the resulting Si/cation ratios in so-
lution could be reliably quantified, and ICP-OES results are thus
excluded from detailed discussion. However, given that chrysotile un-
dergoes near-complete dissolution in ALF within two weeks (see Section
5.3), the Si dissolution rate for tremolite fibres, normalised to the sample
BET surface area, was tentatively estimated from the Si release over the
undersaturation interval (first 2 weeks, i.e., 336 h). This was achieved
after subtracting the Si contribution attributable to the serpentine phase,
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which corresponds to approximately 7 gkg™! of dissolved Si. The
calculated dissolution rate is 0.023 (1) pmol m~2 h™?, approximately six
times lower than that of UICC crocidolite fibres [0.14 (1) pmol m2h7 1.
This outcome is in excellent agreement with previous findings by Pacella
et al. (2021) obtained using a modified Gamble's solution at pH 4.5.

The quantitative surface composition, determined from XPS high-
resolution spectra, remains almost unchanged compared to the chemi-
cal composition of the pristine surface (differences are within two
standard deviations, Fig. 4), in agreement with the low dissolution rate
of tremolite fibres. It must be pointed out that, due to the small amount
of chrysotile in the hand sample (below 5 wt. %), its contribution to the
XPS data of the pristine sample may be considered negligible.

Fe 2p3/» peak curve fitting (Fig. S3) revealed the disappearance of
the Fe(III)-O component, while the Fe(II)-O component increased from
33% to 48% (Fig. 5). Although this result may be affected by the low
signal-to-noise ratio, the disappearance of the Fe(IlI) component is
consistent with the preferential complexation of surface Fe(III) by citric
acid, in line with the higher stability constant of Fe(Ill)-citrate
compared with Fe(I)-citrate (Konigsberger et al., 2000).

As observed by FE-SEM images (Fig. 6d), the tremolite fibres from
Castelluccio Superiore after 4 weeks of incubation in ALF appear to
contain more broken fibre-like particles, although the sample retain its
typical fibrous morphology, characterized by long, rigid fibres arranged
in bundles, with minor presence of significant signs of surface erosion
and jagged edges. Besides, when examined in detail by TEM, ALF-
treated tremolite fibres display amorphous regions along the edges
that can be interpreted as evidence of surface dissolution (Fig. 8b).

5.4. UICC chrysotile

ICP-OES measurements indicated that Mg was the most abundant
cation released during UICC chrysotile dissolution, followed by Si, Fe,
and Al (Fig. 1). Cation concentrations sharply increased during the first
week (168h) of incubation in ALF, reaching maximum values after 14
days, and subsequently remained approximately constant until the end
of the experiment (Fig. 1). Normalisation to the bulk fibre composition
(Fig. 2) highlighted a released fraction of approximately 70% for Si and
80% for Al, whereas Mg and Fe were almost completely leached from the
mineral structure. It must be noted that the total measured release of Mg
and Fe includes a minor contribution from highly soluble accessory
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minerals (magnesite, dolomite, and pyroaurite) detected by PXRD in the
bulk sample (Table S2), though this does not alter the overall trend
observed for the chrysotile fibres (see the following discussion). This
extreme leaching behaviour reflects the crystal structure of chrysotile,
which consists of rolled-up tetrahedral-octahedral sheets assembled into
cylindrical fibrils. Because Mg occupies the octahedral sites preferen-
tially exposed on the outermost surface, it is readily leached under acidic
conditions, thereby destabilising the structure and promoting the
delamination and fragmentation of the residual silicate sheets (Gualtieri
et al., 2018, 2019). Accordingly, the [(Si/Cation)pyk/(Si/Cation)selution]
ratio remained consistently above 1 throughout the entire experimental
timeframe for both Mg and Fe, confirming the strongly incongruent
nature of the dissolution process (Fig. 3). Notably, this mechanism led to
the complete structural breakdown of most fibres within just two weeks
of incubation in ALF. The Si dissolution rate was calculated from the
amount of Si released over the first week (168 h), corresponding to the
undersaturation region, and then normalised to the sample SSAggr (ca.
27 m? g’l). The resulting rate is 1.03 (2) pmol m~2 h™!. Based on
equivalent surface area, chrysotile fibres release Si approximately one
order of magnitude faster than crocidolite fibres [0.14 (1) pmol m 2
h~1]. It must be pointed out that, during mineral dissolution, the specific
surface area may evolve with time, and the overall dissolution rate may
have intrinsic variability (Gautier et al., 2001; Liittge et al., 2013).
Regarding our dissolution rate estimation, the PXRD patterns revealed
that significant weakening and broadening of the characteristic
diffraction peaks were already evident after 1 week of incubation in ALF
and became even more pronounced after 4 weeks, indicating extensive
amorphization (Fig. S6). On this basis, the Si release for chrysotile is
expected to be inherently variable in vivo during fibre clearance by
macrophages, owing to significant modifications in the density distri-
bution of reactive sites on the dissolving surface.

Due to the very rapid dissolution of chrysotile, XPS analysis could
only be performed on the sample incubated for 1 week (Fig. S1), as only
a very small amount of material was recovered after longer incubation
times. On this basis, direct comparison of surface depletion and alter-
ation among chrysotile, fibrous antigorite and amphibole asbestos must
be interpreted with caution. Nevertheless, significant depletion of sur-
face Mg relative to the pristine sample is already evident after 1 week
(168h) of fibre incubation, as the Mg/Si atomic ratio markedly
decreased from 1.7 (1) in the pristine sample to 0.090 (5) in the ALF-
incubated sample (Fig. 3). As already mentioned for antigorite fibres,
the preferential leaching of Mg reflects the lower bond strength of this
cation in the octahedral layers of the serpentine structure, compared
with the stronger Si-O bond (Lacinska et al., 2016). It must be pointed
out that the deviation from bulk stoichiometry highlighted by XPS is
much more marked than that inferred in solution from ICP data. This
discrepancy may be attributed to the rapid and complete dissolution of a
significant fraction of the chrysotile fibres already after 1 week of
sample incubation, resulting in a cation stoichiometry in solution very
close to that of the bulk. Due to the very low signal-to-noise ratio of the
Fe 2p3/5 peak, iron speciation could not be determined for this sample,
despite the large number of acquisition scans.

SEM images show that the characteristic curled fibrous morphology
of chrysotile is largely preserved in the residual fibres after 1 week of
dissolution (Fig. 6e). Notably, several studies, both in vitro and in vivo,
indicate that chrysotile undergoes pseudomorphic amorphization,
yielding a silica-rich residue that preserves the original fibrous
morphology (Pollastri et al., 2016; Gualtieri et al., 2017a, 2018). TEM
observations allow a further refinement of this mechanism, showing that
after 1 week of incubation, and thus dissolution, amorphization affects
the external regions of the fibres, whereas the fibre interior retains a
crystallinity comparable to that of pristine fibres (Fig. 9). Moreover,
non-fibrous particles and aggregates, absent in the pristine sample and
possibly related to secondary mineralization, are observed in the
ALF-treated sample by SEM (Fig. 6e). Accordingly, AFM maps show the
presence of these aggregates along with some smaller fibres (Fig. 7c).
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The height of the roundish aggregates is 184 (86) nm (n = 10).
5.5. Implications for in vivo observations and long-term toxicity

Chronic inhalation bioassays and pathological investigations have
shown that chrysotile exhibits a comparatively short residence time in
the lung, undergoing progressive chemical and structural degradation
and relatively rapid clearance, whereas amphibole asbestos (e.g.,
crocidolite, amosite, tremolite) are markedly more durable and accu-
mulate over time in lung and pleural tissues (Wagner et al., 1982;
Bernstein et al., 2003, 2021; Donaldson et al., 2010; Gualtieri et al.,
2017b). Although biodurability should not be considered synonymous
of biopersistence, our ALF experiments reproduced this hierarchy when
dissolution rates were calculated accounting for differences in BET
surface area, mineral molar mass (912 g mol? and 278 g mo'! for
crocidolite and chrysotile, respectively), and stoichiometry (crocidolite
contains 8 mols of Si per mol of mineral, compared with 2 mols for
chrysotile): chrysotile dissolves at rate approximately thirty times
higher than amphibole asbestos, leading to extensive fibre surface
alteration and almost complete physical destruction of the fibres within
weeks to months. The incongruent dissolution documented
here—characterised by preferential leaching of octahedrally coordi-
nated Mg relative to Si and by the development of silica-enriched
alteration rims on chrysotile—closely mirrors in vivo observations,
where fibres recovered from animal lungs or human tissues are heavily
depleted in Mg, structurally weakened and frequently transformed into
pseudomorphic, silica-rich residues that preserve the fibrous
morphology but have lost their internal crystallinity (Churg et al., 1993;
Bernstein et al., 2003; Pollastri et al., 2016; Gualtieri et al., 2017a).
Conversely, the low dissolution rates, limited amorphization and pres-
ervation of long, rigid morphologies for crocidolite and tremolite in ALF
are in line with the extreme in vivo biopersisitence of amphibole asbestos
documented in rodent inhalation studies and human autopsy series,
where amphibole fibres are often found essentially intact decades after
exposure and are strongly associated with mesothelioma and lung can-
cer (Wagner et al., 1982; Bernstein et al., 2008; Donaldson et al., 2010).
The composition of ALF, and particularly the presence of citric acid,
reflects key aspects of the phagolysosomal environment, where macro-
phages deploy low molecular weight chelators and Fe binding bio-
molecules to dissolve inhaled particles (Gulumian et al., 2001).
Accordingly, our combined ICP-OES and XPS results showed that under
the adopted experimental conditions Fe is efficiently mobilised via cit-
rate complexation, providing a plausible analogue of iron mobilisation
and rearrangement on fibre surfaces within phagolysosomes in vivo
(Nagai et al., 2011). The persistence of catalytically active Fe sites at, or
near, the fibre surface is critical because Fe(II) and Fe(IIl) in suitable
coordination environments drive Fenton and Fenton-like reactions
generating highly reactive hydroxyl radicals (|OH) from hydrogen
peroxide (Haber and Weiss, 1934; Shukla et al., 2003; Turci et al., 2011;
Fischbacher et al., 2017; Ghio et al., 2023). Toxicological and clinical
studies have repeatedly linked oxidative stress, DNA damage and
chronic inflammation to redox-active iron associated with asbestos
surface (Fubini and Mollo, 1995; Gilmour et al., 1997; Someah et al.,
2023). In this way, the amphibole structure could act as a durable
framework that may sustain long-term oxidative potential, whereas
rapidly dissolving chrysotile may tend to lose reactivity as fibres are
cleared. Notably, crocidolite may exhibit enhanced efficacy in gener-
ating hydroxyl radicals (|OH) via the Fenton mechanism despite the
concurrent Fe leaching induced by citric acid or other biological che-
lators, owing to the continuous exposure of reactive Fe(II) surface sites
during fibre alteration.

6. Conclusions

The present study details the dissolution kinetics and surface modi-
fications of selected serpentine (chrysotile and fibrous antigorite) and
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amphibole (crocidolite and tremolite) mineral fibres during a 4-week
exposure to a simulated lysosomal environment (ALF, pH 4.5). ALF is
the standard solution designed to mimic the lysosomal environment in
macrophages, specialized immune cells capable of engulfing and
digesting fibres once inhaled. All investigated fibres undergo incon-
gruent dissolution in ALF, with preferential loss of octahedrally coor-
dinated cations and citrate-promoted Fe and Al mobilization; when
normalised to specific surface area, serpentines (chrysotile and fibrous
antigorite) show Si-based dissolution rates much higher than amphibole
asbestos (crocidolite, tremolite). Chrysotile undergoes rapid preferential
removal of Mg from outer octahedral layers and surface amorphization,
leading to near-complete fibre decomposition on a timescale of weeks to
months, consistent with its lower in vivo residence time. The two fibrous
antigorite samples displayed comparable dissolution rates, although the
Calabrian sample dissolved slightly faster than the Ligurian one. This
difference is most likely related to its lower aluminium content (Mellini,
1982; Lacinska et al., 2016), rather than to variations in structural defect
density, as supported by TEM observations. Despite similar morphology
under TEM, tremolite fibres exhibited a lower Si dissolution rate than
UICC crocidolite, in line with previous works (Pacella et al., 2021, 202.3)
and with crystal-chemical controls indicating greater solubility of
Fe-rich amphiboles versus Fe-poor analogues (Siever and Woodford,
1979). UICC crocidolite dissolution produced surface erosion and pro-
gressive exposure of Fe(Il)-rich subsurface layers, a surface chemical
evolution that is likely to modulate long-term oxidative potential.
Although our results are constrained by the simplifications of the acel-
lular ALF model, they show internally coherent trends in incongruent
dissolution, Fe mobilisation and surface amorphization that are in line
with in vivo toxicological data. Therefore, integration of ALF-based
mineralogical and geochemical data with targeted cellular and in vivo
studies may provide a more robust mechanistic framework to gain new
insights into the processes underlying the long-term toxicity of asbestos
and currently unregulated fibrous minerals such as antigorite.
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