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Mineral fibre toxicity is widely considered to depend on their residence time in the
lungs, and therefore on their biodurability. However, fibre dissolution is typically
examined in closed batch systems, which evolve toward saturation and do not reproduce
the continuous renewal of lung fluids. In this study, for the first time the dissolution
behaviour of fibrous antigorite, chrysotile, and crocidolite was investigated in a flow-
through system to better constrain their expected persistence in vivo. Flow-through
experiments were conducted in simplified artificial lysosomal fluid (sALF) at pH
4.5 and 37 °C, with a flow rate of 0.047 mL min™'. The concentrations of dissolved
elements were determined by inductively coupled plasma optical emission spectroscopy
(ICP-OES), while the incubated samples were analysed by powder X-ray diffraction
(PXRD). Released Si was used to derive steady-state dissolution rates normalised to
specific surface area. Fibrous antigorite and chrysotile show comparable Si-release rates
of 1.03+0.02:10"1° mol m? s! and 1.09+0.11-10"'° mol m™ s°!, one order of magnitude
higher than that of crocidolite (1.22+0.06:10"' mol m s™!). When differences in specific
surface area are considered, the biodurability of fibrous antigorite is only slightly lower
than that of crocidolite, and therefore, both fibres are expected to persist significantly
longer in vivo compared to chrysotile.

Keywords: Fibrous antigorite; asbestos; biodurability; flow-through dissolution;
simulated lung fluids.

INTRODUCTION largely employ it, particularly in Asia (IBAS, 2025;
The International Agency for Research on Cancer USGS, 2025). Worldwide, an estimated 125 million
(IARC) classified asbestos as a Group 1 human workers have been exposed in the workplace (Ramazzini,

carcinogen (IARC, 2012) in 1989 and subsequently great 2010), and asbestos-related diseases are responsible for
efforts have been made toward a global ban. Nonetheless, approximately 250,000 deaths each year. This figure
asbestos continues to represent one of the most critical has even worsened in recent years (Furuya et al., 2018)
occupational health challenges as several countries still and probably underestimates the true burden due to the
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scarcity of epidemiological data from low- and middle-
income countries where asbestos consumption has
remained high (Han et al., 2023).

Asbestos includes chrysotile, a member of the
serpentine subgroup, and five amphibole asbestos
minerals: asbestos tremolite, asbestos actinolite, asbestos
anthophyllite, asbestos grunerite (commercially known as
amosite), and asbestos riebeckite (commercially known
as crocidolite). Regulatory bans generally concern these
minerals in industrial contexts, yet they do not extend to
asbestos naturally occurring in rocks and soils that are
not commercially exploited (NOA, naturally occurring
asbestos), nor to elongated mineral particles (EMPs)
without history of industrial use. Growing evidence of
the potential hazard posed by EMPs has been reported by
health and safety agencies (NIOSH, 2011), such as fibrous
glaucophane and fibrous antigorite (Harper et al., 2008;
Garabrant and Pastula, 2018; Gazzano et al., 2023). In this
context, fibrous antigorite has recently attracted increasing
attention, both because it is a polymorph of chrysotile and
due to its widespread occurrence in serpentinite rocks and
soils worldwide (Petriglieri et al., 2025 and references
therein).

The toxicity of respirable mineral fibres results from a
complex, multistep process governed by the interplay of
their physical, chemical, and structural characteristics
(Fubini and Mollo, 1995; Fubini and Arean, 1999;
Donaldson et al., 2010; Bernstein et al., 2013). The
biodurability of mineral fibres in lungs is recognised as a
key factor in determining their pathogenic potential and
refers to a material’s resistance to chemical dissolution and
degradation in the biological environment. Fibres with high
biodurability are generally considered more toxic, as they
can persist for long periods in the lungs and accumulate
following chronic exposure (IARC, 2012; Gualtieri, 2018).

Dissolution rates of mineral fibres are usually inferred
in simulated lung fluids by using closed-system batch
reactors. Under these experimental conditions, the
ions released during mineral dissolution progressively
accumulate in the solution, whose composition evolves
toward saturation, potentially inhibiting further fibre
dissolution (Rozalén et al., 2017). Moreover, secondary
phases often precipitate on the mineral surface making
reactive sites no more accessible to fluids. Conversely,
dissolution experiments performed in flow-through cells
facilitate the measurement of the dissolution rate under
fixed saturation state conditions (Brantley and Chen,
1995; Rozalén et al., 2008). When applied to biologically
relevant fluids, these systems provide an experimental
setting more representative of in vivo conditions, where
fibre surfaces are continuously exposed to renewed fluids
(Innes et al., 2021).

In this study, flow-through dissolution experiments
were conducted for the first time on fibrous antigorite,
chrysotile, and crocidolite fibres to provide a more
accurate assessment of their biodurability in an acidic
medium, representative of the macrophage lysosomal
environment (pH 4.5). The concentrations of dissolved
elements were determined by inductively coupled plasma
optical emission spectroscopy (ICP-OES), while the
incubated fibrous samples were analysed by powder
X-ray diffraction (PXRD).

Materials

Flow-through experiments were carried out on fibrous
samples of antigorite, crocidolite, and chrysotile. Sample
information is reported in Table 1. The fibrous antigorite
sample comes from veins within serpentinite bodies of
the Gimigliano-Mount Reventino Unit, at San Mango
d’Aquino (Calabria, Southern Italy) (Bloise et al., 2020).

Table 1. Summary of the mineral samples investigated. *Data from Pacella et al. (2019).

Mineral Provenance SS/_%I Crystal-chemical formula Accessory phases
(g’
. San Mango
Fibrou.i d’Aquin%, 4.0+0.5 (Mglﬁsé.Fez;O-llOFeHo'%AlO‘O-’é\;[{nO'm)22'82 No accessory phases
antigorite Calabria (Italy) (Si1.98A10,02)52.0005.00(0H);3 67
*Quartz [1.48+0.04 wt%],
. magnetite [1.85+0.06 wt%],
uicc Koegas Mine 8.720.5 ANao_o%BNaz_ooC(F e2+2_21F63;%_3(;4Mg0.75) cflcite [1[,3010,09 Wt%]o]
Crocidolite (South Afrlca) 5.00 (Sl7‘95A10'02)27‘97022 (OH)2 siderite [1 1240.09 Wt%],
minnesotaite [0.57+0.06 wt%]
uicc Sgﬁ?ﬁ;xrlze’ 27.040.5 (MgzglF.e2+0A02Fe3+0.05A10A06) Magnesite, pyroaurite, calcite,
Chrysotlle (Zlmbabwe) 22'9481240105‘00(0}1)4‘00 and dolomite
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The sample has the following formula:

(Mgz.66Fe* 0.10F € 0.02Al0,03M1g 1 )52.82(Si1 08Al0,02)52.00
O500(OH);3 7. The BET specific surface area SSAggt is
4.0+0.5 m? g'!, and PXRD did not reveal the presence of
accessory phases (Petriglieri et al., 2025). The crocidolite
sample was provided by the Union International for Cancer
Control (UICC) and comes from the Koegas Mine (South
Africa). Its crystal-chemical formula is “Nay(;®Na, o
C(Fe*551Fe 5 04Mgo.75)s5.00" (Si7.05A10.02)57.0702,°)
(OH), and ~6 wt.% of accessory phases were detected
by PXRD (magnetite, quartz, calcite, siderite, and
minnesotaite). The SSAgpr is 8.7+0.5 m? g'! (Pacella
et al., 2019, 2020). Chrysotile, also provided by the
UICC, was collected from the Shabani asbestos mine
in Zvishavane, Zimbabwe. Its chemical formula is
(Mg; 51Fe* 0,02Fe*(,05A10.06)52.04512.0105.00(OH)4.09- This
sample shows a particularly high specific surface area
(SSAREr=27.0£0.5 m? g'!). Accessory phases identified
by PXRD include magnesite, pyroaurite, calcite, and
dolomite.

Experimental

Experiments were performed using the set-up described
in Rozalén et al. (2008). It consists of a system for solution
circulation and allows a better understanding of the actual
rate of fibre dissolution by simulating the continuous
renewal of the physiological fluids within the lungs. A
description of the components and their arrangement is
provided below, with a schematic representation of the
system shown in Figure 1.

The leaching solution is positioned upon a thermostatic
magnetic stirrer to ensure the maintenance of a constant
temperature of 371 °C and uniform mixing, with
the aid of a magnetic bar. In preliminary experiments
performed by using the standard ALF composition, the

SALF
reservoir

Y o]
R ow-
> through cell
- - Outlet
Peristaltic Inlet
pump 1l \ 4
Thermostatic Effluent  Magnetic

magnetic stirrer solution stirrer

Figure 1. Schematic representation of the flow-through set-up,
including peristaltic pump, thermostatic magnetic stirrer, and
flow-through cell for solution circulation.

concentrations of dissolved elements resulted always
below the analytical detection limit, most likely due to
matrix interferences. For this reason, a simplified ALF
solution (sALF) composed of sodium salts and citric acid
as a chelating agent (Table 2) was used.

The sample is hosted in a 3D printed flow-through cell
(Figure 2) composed of three compartments. Specifically,
the fibres are in the central compartment confined in the
lower part by a 5 um nylon net filter and a 1.2 pm MF-
Millipore™ MCE membrane (Merck Millipore, Ireland),
and in the upper part by a 0.45 pm Durapore® PVDF
membrane (Merck Millipore, Ireland). The solution enters
the cell through the lower compartment and exits from
the top of the cell. The total volume of the cell, i.e. the

Table 2. Composition of the simplified artificial lysosomal fluid
used in flow-through dissolution experiments.

Compound Concentration (g L")
C¢HgO5 (citric acid) 20.8
NaOH (sodium hydroxide) 6.00
NaCl (sodium chloride) 3.21
Na,SO, (sodium sulfate) 0.079
C6H5Na307 . 2H20 0.077
(sodium citrate dihydrate) '
pH 4.5

Outlet —

0.45 um
" filter

Fibres |

1.2 um
/ filter

5um
nylon
mesh

™~

Magnetic
B
bar

Figure 2. Schematic representation of the flow-through cell.
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combined volume of the central compartment plus the
upper- and lower-part sections, is 11.66 mL. The cell
is positioned on a magnetic stirrer, with a magnetic bar
placed at the bottom of the cell to continuously mix the
solution and ensure homogeneity. A peristaltic pump
(GILSON MINIPULS® 3) is used to drive the solution
through the system, maintaining a steady flow set at
0.047+0.003 mL min"!. This value is comparable with
the human basal alveolar liquid clearance rate (~0.02 mL
min!) reported by Sakuma et al. (1994). A tubing system
connects the components and enables solution circulation.
It consists of two tubing segments, one connecting the
solution reservoir to the cell and the other connecting the
cell to the collection vessel. Both segments are routed
through the same peristaltic pump. PVC GILSON® tubing
(inner diameter 0.25 mm) and BD INTRAMEDIC®,
Clay Adams, polyethylene tubing (inner diameter 0.58
mm) were used. The effluent solutions are collected in
Falcon tubes or larger LDPE bottles (VWR) for ICP-OES
analysis.

Dissolution experiments were conducted in duplicate
using approximately 100 mg of fibres, exactly weighed,
for each test. They lasted up to 4 weeks for Calabrian
fibrous antigorite and UICC chrysotile, and up to 2 weeks
for UICC crocidolite, with samplings every 3 h on the first
day and at longer intervals thereafter. The duration of the
experiment was shorter for crocidolite since steady-state
dissolution was reached earlier. The pH, checked at the
end of each experiment, remained stable.

Methods
ICP on leaching solutions

The collected solutions were analysed by ICP-OES to
quantify the cations released from the fibres. Measurements
were performed using a Perkin Elmer Optima 2000 DV
spectrometer (Perkin Elmer, USA) equipped with a
cyclonic spray chamber. Before analysis, the samples
were treated to break down the organic matrix of the sALF,
which could cause interference in the measurement of the
analytes of interest. Specifically, 5 mL of each solution
were mixed with 2.5 mL of 67-69% HNO; traceSelect™
Ultra (Honeywell, Fluka, Canada) and 1 mL of 30% H,O,
Suprapur® (Meck KGaA, Germany) and then heated
up to 100 °C using a DigiBlock mineralisation system
(LabTech, Italy) for two h. At the end of the treatment,
the digested samples were diluted to a final volume of 10
mL. Ca, Mg, Fe, SI and Al ICP standard solutions in nitric
acid (Aristar, BDH) were used to prepare the calibration
standard solutions for ICP-OES analysis. During analysis,
the digested solutions were diluted 1:20, or 1:6 when
necessary, with 1% nitric acid. Sodium release could not be
quantified because its concentration in the solution exceeds
the calibration range (0.05-10 mg L™"). The accuracy of the

measurements was monitored by periodically reanalysing
the standard solutions.

Concentrations obtained by ICP-OES were processed
to derive mean trends and associated variability. Because
sampling times slightly differed between the two cells
of each duplicate experiment, data were first linearly
interpolated onto a common time grid. At each time point,
the mean value was calculated as the arithmetic average
of the two replicates, and variability was expressed as the
sample standard deviation.

PXRD

PXRD analyses were carried out both before and after
the dissolution experiments (4 weeks of sample incubation
for fibrous antigorite and UICC chrysotile, and 2 weeks
for UICC crocidolite). Diffraction patterns were collected
with a Bruker AXS D8 Advance diffractometer (Bruker
AXS, Karlsruhe, Germany) operating in 6/8 transmission
geometry. The instrument was equipped with incident-
beam focusing Gébel mirrors and a VAntec-1 position-
sensitive detector (PSD) fitted with radial soller slits.
Samples were gently ground in an agate mortar under
ethanol and mounted in borosilicate glass capillaries (0.4
mm in diameter). Data acquisition was performed using
CuKa radiation over the 5-145° 20 range, with a step size
0f 0.0218° 26 and a counting time of 10 s per step.

RESULTS AND DISCUSSION
ICP-OES analysis of the digested solutions sampled
from the leaching test for fibrous antigorite (Figure 3)
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Figure 3 Concentration of leached cations (Mg, Si, Fe) during
flow-through dissolution of Calabrian fibrous antigorite in
SsALF at pH 4.5, over 650 h of incubation. Lines represent the
mean concentration of two replicate experiments after linear
interpolation onto a common time grid. Shaded areas indicate
+1 standard deviation between replicates.
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Table 3. Mineral phases identified by PXRD of in the investigated samples before and after flow-through dissolution in sALF.
Percentages for the pristine UICC crocidolite sample are from Pacella et al. (2019).

Sample Pristine After incubation in SALF
Calabrian antigorite Fibrous antigorite Unaltered
Crocidolite [93.67+ 0.19%], Quartz [1.48+0.04) wt%],
UICC Crocidolite Magnetite [1.85+0.06 wt%], Calcite [1.30+ 0.09 wt%], Unaltered
Siderite [1.12+ 0.09 wt%], Minnesotaite [0.57+0.06 wt%]
Chrysotile, Magnesite, Pyroaurite,
UICC Chrysotile Chrysotile, Magnesite, Pyroaurite, Calcite, Dolomite Calcite, Dolomite, Magnetite, Talc,
Quartz, Pentahydrite

showed for Mg an initial concentration peak during the
first few h up to 3.5£0.4 mg L"!. Subsequently, a decrease
of Mg leaching with some fluctuations over time was
observed. The initial rapid dissolution of silicates in flow-
through experiments typically results from the dissolution
of fine-grained material, strained grain surfaces, surfaces
with structural defects (Rozalén et al., 2008 and references
therein). Dissolution rate increases for fine-grained
particles due to their very high surface-area-to-volume
ratio and for strained grain surfaces, or surfaces with
structural defects, because these are high-energy surface
sites and thus thermodynamically less stable areas. Si
release exhibited a more stable behaviour with respect
to Mg, approaching steady-state (at concentrations
of about 1.6+0.2 mg L") already in the early stages of
the dissolution process. Fe concentrations remained
consistently very low, never exceeding 0.50 mg L' after
the initial peak in the first h of sample incubation. For the
fibrous antigorite sample, PXRD patterns collected before
and after the experiment were completely overlapping
indicating neither detectable structural changes nor
formation of neo-precipitates (Table 3).

ICP-OES analysis of the solutions collected during
the UICC crocidolite leaching experiment (Figure 4)
showed that Fe was the most abundant cation released
into solution. A pronounced peak in Fe concentration was
detected within the first 24 h (8.6+1.0 mg L"), followed
by an exponential decline up to 250 h that approaches to
steady-state in the final stages of the experiment (0.39+
0.06 mg L'!). The release of Fe is likely promoted by the
chelating effect of citric acid present in SALF, which forms
stable Fe-citrate complexes (Glusker, 1980). It’s worth
mentioning that flow-through dissolution experiments
in modified Gamble’s solutions have demonstrated
that ligands such as citrate and oxalate can significantly
influence the dissolution kinetics of amphiboles (Rozalén
et al., 2013). Si displayed a similar behaviour, with an

initial peak followed by a progressive decrease until
steady-state is approached (at ca. 0.39+0.07 mg L") with
elapsed time (75 h). Mg release was observed only within
the first 48 h of incubation, then starting to decline below
the limit of quantification by 70 h of sample incubation.
Similarly to the fibrous antigorite sample, PXRD patterns
after 360 h of incubation, did not reveal neither mineral
amorphization nor formation of neo-precipitates (Table 3).

ICP-OES analysis of the solutions sampled during
the chrysotile sample dissolution experiment showed
a significant Mg release during the first day up to 7244
mg L' (Figure 5). Thereafter, its concentration undergoes
a gradual decrease with elapsed time. Moreover, Si
displays, after an initial peak within the first 8§ h of

— Mg

Leached Si (mg L™1)
w

0 25 50 75 100 125 150 175 200 225 250 275 300 325 350
Time (h)

Figure 4. Concentration of leached cations (Mg, Si, Fe) during
flow-through dissolution of UICC crocidolite in SALF at pH 4.5,
over 360 h of incubation. Lines represent the mean concentration
of two replicate experiments after linear interpolation onto a
common time grid. Shaded areas indicate +1 standard deviation
between replicates.
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Figure 5. Concentration of leached cations (Mg, Si, Fe, Al)
during flow-through dissolution of UICC chrysotile in sALF
at pH 4.5, over 650 h of incubation. Lines represent the
mean concentration of two replicate experiments after linear
interpolation onto a common time grid. Shaded areas indicate
+1 standard deviation between replicates.

sample incubation, a steady-state release (ca. 11.3%1.1
mg L) up to approximately 300 h from the beginning
of the experiment. Later, a progressive decline in Si
concentration is observed. The preferential leaching of Mg
with respect to Si is consistent with the faster dissolution
of the octahedral layers in the serpentine structure at acidic
pH, followed by the slower dissolution of the tetrahedral
silicate layers (Rozalén et al., 2014; Lacinska et al., 2016;

&

Zhao et al., 2024). Moreover, the progressive decline in
Si concentration observed after ca. 300 h is likely related
to the dissolution of a significant portion of chrysotile
fibres over time. The loss of chrysotile fibres following
incubation in SALF was evident by visual observation
of the recovered sample at the end of the experiment (4
weeks). Accordingly, PXRD evidenced in the leached
sample a relative enrichment of accessory phases
(magnetite, talc and quartz) as compared to the pristine
sample. PXRD pattern revealed no significant evidence
of loss of fibre crystallinity (Figure 6) albeit the increase
of the intensity of the broad band centred at ca. 22°26,
caused by the glass of the capillary, seems to suggest
the occurrence of some amorphous material. PXRD also
identified minor amounts of pentahydrite (Mg-sulphate)
after dissolution (Table 3), presumably resulting from
precipitation processes promoted by the high Mg release
from the fibres into the solution.

Dissolution rates of the fibrous samples investigated
under flow-through conditions were compared using Si
concentrations in the effluent solutions at steady state,
after normalization to mineral surface area. Si is generally
the rate-determining element in silicate dissolution
(Oze and Solt, 2010), and therefore, it was used for rate
calculation. Results obtained highlighted that the fibrous
antigorite and chrysotile have comparable dissolution
rates under acidic conditions, significantly higher than that
of UICC crocidolite (Figure 7). This result is consistent
with the well-established contrast between chrysotile and
amphibole asbestos in both in vitro and in vivo studies,
with chrysotile exhibiting lower biodurability and rapid

4w sALF

Pristine

g

2theta (°)

Figure 6. Experimental PXRD patterns of pristine UICC chrysotile (red) and the sample after 4 weeks of incubation in sSALF (black).
Spectra have been vertically displaced for clarity. The small plateau at the onset of the diffraction patterns is caused by partial obstruction

of the incident beam by the knife-edge of the focussing mirrors.
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Figure 7. Flow-through dissolution experiments in SALF (pH 4.5).
Normalized Sirelease (mg L' per SSA) for the same samples, over
the same time interval. Lines represent the mean concentration
of two replicate experiments after linear interpolation onto a
common time grid. Shaded areas indicate 1 standard deviation
between replicates.

clearance from the lungs (Bernstein et al., 2005a, 2005b,
2004; Bernstein and Hoskins, 2006).

CONCLUSIONS

In this work the biodurability of fibrous antigorite,
chrysotile and crocidolite fibres was investigated in SALF
at pH 4.5 using a flow-through cell (open system), to
mimic the interaction between fibres and macrophages
during phagocytosis. It must be pointed out that the
open system allowed us to replicate fluid replenishment
occurring in vivo conditions. Si release rates, calculated
as:

Q

rgi = Cgi SSA M

where Cg; the average Si concentration at steady
state (mol L), Q is the flow rate (L s™!), SSA the specific
surface area (m”g™'), and M the mass (g), highlighted that
the dissolution rate of fibrous antigorite and chrysotile
under acidic conditions is comparable (1.03+0.02-10°1°
mol m? s and 1.09+0.11-10"' mol m s°!, respectively),
and about one order of magnitude higher than that of
UICC crocidolite (1.22£0.06:10"'" mol m™ s™!). The Si-
based dissolution rate measured here for chrysotile agrees
with in vivo evidence of rapid pulmonary clearance and
limited biodurability of chrysotile compared with that of
amphibole asbestos (Bernstein et al., 2005a, 2005b, 2004,
2003; Hesterberg et al., 1998, 1996). Moreover, for fibres
5-20 pm in length, reported half-times are 0.3-29.7 days
for chrysotile versus 262 days for crocidolite (Bernstein

and Hoskins, 2006).

Notably, although fibrous antigorite exhibits a
dissolution rate comparable to that of its polymorph
chrysotile, antigorite fibres are expected to persist much
longer in vivo owing to their smaller specific surface area.
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