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This study investigates the potential cytotoxicity of the carcinogenic erionite and other fibrous zeolites, including
mordenite, ferrierite and scolecite. Their interactions with human lung fibroblast cells (MRC-5) were evaluated
using biological assays combined with Electron Paramagnetic Resonance (EPR) spectroscopy. All fibrous zeolites
were found to interact with lung fibroblasts, leading to increased intracellular ROS levels and alterations in the
lysosomal compartment after 24 h of exposure. EPR measurements after CAT16 incubation provided further
insight into cellular membrane interaction dynamics, revealing notable differences in spectral intensity and
hyperfine coupling constants, which suggest distinct interaction mechanisms among the fibers. Erionite showed
the highest radical solubilization, implying potential cytotoxic effects. Prolonged exposure to mordenite and
ferrierite also significantly reduced cell viability, at levels comparable to erionite. These findings highlight key
factors involved in early inflammatory responses and their potential contribution to the development of long-
term chronic diseases and cancer. The biological effects of fibrous zeolites are controlled by a multifactorial
interplay between morphology, surface area, chemical composition, and biopersistence, which together deter-
mine the extent of membrane interaction, oxidative stress generation, and intracellular processing, ultimately
governing cytotoxicity and potential carcinogenicity. This study therefore provides an initial step toward un-
derstanding the biological mechanisms underlying the toxicity and carcinogenic potential of fibrous zeolites,
improving awareness of their potential human health risks.

carcinogens by the International Agency for Research on Cancer (IARC,
2012).
Erionite has been identified as a human carcinogen based on

1. Introduction

Fibrous minerals have been a health concern since the link between

asbestos minerals and lung disease was clearly established several de-
cades ago. Since then, researchers from fields such as mineralogy and
medicine have extensively investigated this issue. In general, elongated
particles are considered “inhalable” by humans if their diameter is below
3.5 pm (Lee, 1985). For regulatory purposes, the fibers of greatest
concern have a diameter-to-length ratio of <1:3, a diameter <3 pm, and
alength >5 pm (WHO, 1986; NIOSH, 1994a; 1994b). Most information
on the carcinogenicity and toxicity of fibrous minerals comes from
studies on asbestos minerals and fibrous erionite. However, the health
effects of many other inhalable mineral fibers remain poorly understood.
Due to their established carcinogenicity, asbestos minerals (chrysotile,
amosite, crocidolite, asbestos anthophyllite, asbestos tremolite, and
asbestos actinolite) and fibrous erionite are classified as Group 1
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extensive research in epidemiology, medicine, biology, mineralogy, and
related fields. Concerns about its health risks from environmental and
occupational exposure have been reported in several countries,
including Turkey, the United States, Mexico, Iran, Italy, and New Zea-
land (Carbone et al., 2011; Saini-Eidukat and Triplett, 2014; Ortega--
Guerrero and Carrasco-Nunez, 2014; Ilgren et al., 2015; Giordani et al.,
2017; Patel and Brook, 2021). Based on these findings, the IARC (1997)
emphasized the need for further research on other fibrous minerals,
particularly those with characteristics similar to erionite and asbestos.

Zeolites, including erionite, have attracted growing attention
because of their widespread environmental occurrence and broad in-
dustrial applications (Armbruster and Gunter, 2001; Ming and Allen,
2001; Eroglu et al., 2017). These minerals exhibit properties such as
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Fig. 1. SEM images of the investigated zeolite fibers: (a) prismatic, elongated crystal of scolecite (SC1); (b) erionite with an extremely fibrous, needle-like habit
(AMS1); (c) acicular to fibrous ferrierite crystals (FER5); (d) fibrous mordenite crystals grouped in roughly prismatic forms (MOL1).

cation exchange, molecular sieving, adsorption, and catalysis. However,
only a few zeolite species have been evaluated for potential health risks.
Given the limited evidence, the IARC currently classifies fibrous cli-
noptilolite, phillipsite, and mordenite fibers as Group 3 carcinogens
(IARC, 1997), meaning their carcinogenicity is not confirmed. Identi-
fying zeolites that may pose health risks is therefore essential. Recent
studies have examined the physicochemical properties of zeolites such
as erionite (Ballirano et al., 2018; Beaucham et al., 2018; Giordani et al.,
2017), mordenite (Di Giuseppe, 2020; Giordani et al., 2022a), offretite
(Giordani et al., 2019; Mattioli et al., 2018), ferrierite (Gualtieri et al.,
2018a,b; Zoboli et al., 2019; Mattioli et al., 2022), scolecite (Mattioli
et al., 2016), mesolite, and thomsonite (Giordani et al., 2022b; Betti
et al., 2022), though many aspects of their biological impact remain
unknown.

Mordenite, one of the most widely used zeolites in both natural and
synthetic forms, plays a key role in industrial applications, including
petrochemical processing, catalysis, semiconductors, chemical sensors,
methylamine synthesis, and gas-liquid separation (Corma et al., 1994;
Niwa et al., 2010; Zhou and Boyd, 2014; Wahono et al., 2020; Nar-
ayanan et al., 2021). Despite its physicochemical similarities to the
carcinogenic erionite, mordenite is currently classified as a Group 3
carcinogen by the IARC. To date, only a limited number of in vitro and in
vivo studies have investigated its health effects (Suzuki, 1982; Suzuki

and Kohyama, 1984, 1988; Tatrai et al., 1992; Adamis et al., 2000;
Palekar et al., 1988; Fach et al., 2003), making further research partic-
ularly relevant. Several earlier studies were methodologically limited,
using non-fibrous or impure samples, unspecified fiber proportions,
short exposure durations, small sample sizes, or lacking survival data
(Guthrie, 1992; IARC, 1997). More recent studies have investigated the
potential inhalation hazards of mordenite (Stephenson et al., 1990; Di
Giuseppe, 2020; Giordani et al., 2022a) and ferrierite (Gualtieri et al.,
2018a,b; Mattioli et al., 2022). Mordenite is generally considered less
hazardous than erionite and shows different cytotoxic behavior, with no
evidence of mutagenicity (Fach et al., 2003). In contrast, the toxico-
logical profile of ferrierite remains comparatively underexplored.

This study aims to characterize four natural fibrous zeolites (scole-
cite, carcinogenic erionite, ferrierite and mordenite) from morpholog-
ical, mineralogical, chemical, interacting ability, and in-vitro toxicity
perspectives, to improve understanding of these fibers and provide
preliminary insights into potential health risks. First, morphological and
morphometric analyses were carried out using environmental scanning
electron microscopy with energy-dispersive spectroscopy (ESEM-EDS),
X-ray fluorescence (EDXRF) and X-ray powder diffraction (XRPD),
alongside mineralogical and chemical characterizations. These aspects
are crucial for understanding inhalation behavior, deposition patterns in
the lungs, fiber-lung tissue interactions, and the release or exchange of
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elements and contaminants (e.g., Stanton et al., 1981; Aust et al., 2001;
Boulanger et al., 2014; Heyder et al., 1986; Giordani et al., 2022c; Bloise
et al., 2020; Salucci et al., 2024; Gualtieri, 2023). Second, electron
paramagnetic resonance (EPR) spectroscopy was used to assess the
interaction abilities of these zeolites with human cells in the presence of
the radical probe CAT16, offering insights into their surface and struc-
tural properties (Mattioli et al., 2016, 2022; Cangiotti et al., 2017, 2018;
Giordani et al., 2022b; Gualtieri et al., 2018a,b; Pugnaloni et al., 2023).
Finally, their toxicity was assessed through in vitro experiments using
the human primary pulmonary fibroblast cell line (MRC-5) to evaluate
biological effects and potential health risks (Stan et al., 2021). Cell
viability and toxicity were assessed via Trypan Blue assay and calcein
staining. Additionally, intracellular oxidative stress and lysosomal al-
terations were also analyzed, as these factors are key drivers of early
inflammatory response and potential contributors to chronic diseases
and malignancies over time.

2. Materials and methods
2.1. Materials

This study examined four fibrous zeolite samples (Fig. 1): scolecite
(SC1), erionite (AMS1, proven human carcinogen), and two potentially
toxic species, ferrierite (FER5) and mordenite (MOL1).

The scolecite sample (SC1) originates from Nasik, Pune District,
India. It forms prismatic, elongated crystals with diameters ranging from
0.5 to 3 mm, typically arranged in irregular or radiating clusters. Unlike
other fibrous zeolites, scolecite shows little to no tendency to form thin
fibers. As it is considered a non-carcinogenic fibrous mineral, it was
included as a comparative reference.

The erionite sample (AMS1) was collected from the Ash Meadows
Zeolite deposits in Shoshone, Dublin Hills, Inyo County, California, USA.
These deposits mainly consist of mudstone and rhyolitic volcanic ash
layers. Erionite occurs either as monomineralic layers or in association
with clinoptilolite, chabazite, phillipsite, clay, potassium feldspar, and
occasionally opal. In contrast to the woolly-looking erionite from the
type locality in Durkee, Oregon (Eakle, 1898), the Ash Meadows spec-
imen exhibits a distinctly fibrous, needle-like morphology, forming
random networks of crystals that often display radiating clusters.

The ferrierite sample (FERS) originates from Albero Bassi in San-
torso, Vicenza Province, Veneto, Italy. It occurs as a secondary mineral
within voids and cavities of fine-grained basalt flows from the Tertiary
Veneto Volcanic Province in Northern Italy. The most common habit
consists of orange-reddish, transparent, thin blades, accompanied by
needle-like or fibrous crystals less than 1 mm in size that fill the cavities.
In approximately 15% of the cavities, ferrierite forms spherical to sub-
spherical aggregates (up to 2 mm) composed of densely packed, color-
less, needle-like, or fibrous crystals, partially or completely lining the
cavity walls.

The mordenite sample (MOL1) was collected from the Monte Oladri
quarry in Monastir, Southern Sardinia, Italy. It occurs as a secondary
phase within cavities of a weathered, highly zeolitized basaltic-andesitic
sequence of the Cenozoic age. These rocks have a crystalline groundmass
rich in glass and plagioclase microphenocrysts. The dominant zeolites
are analcime and heulandite, with lesser amounts of mesolite, mor-
denite, and chabazite. Mordenite typically forms thin, fibrous crystals,
often grouped into roughly prismatic aggregates. It is commonly asso-
ciated with ferrierite in orange spherical clusters of radiating blades,
reaching up to 15 mm in diameter.

Several pure fibrous crystals were manually extracted from the ma-
trix of each sample using a stereoscopic optical microscope. Fiber frac-
tions were selected according to the specific requirements of each
experimental method.
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2.2. Environmental scanning electron microscopy (ESEM)

Morphological observations were conducted using an Environmental
Scanning Electron Microscope (ESEM) FEI Quanta 200 FEG, equipped
with an energy-dispersive X-ray spectrometer (EDS) for microchemical
analysis. The settings included a 25 kV accelerating voltage, adjustable
beam diameter, a working distance of 10-12 mm, and a tilt angle of 0°.
The ESEM operated in low vacuum mode, with the chamber pressure
between 0.80 and 0.90 mbar. Images were captured using a single-shot
detector (SSD) or an Everhart-Thornley secondary electron detector
(ETD), and measurements of fibers widths and lengths were taken from
over 1000 fibrils in these images. Qualitative chemical data were also
collected from various points on selected crystals to assess compositional
uniformity, and additional analyses targeted impurities on the crystal
surface.

The microchemical analysis of MOL1 was performed with a Zeiss
Gemini SEM 450 Scanning Electron Microscope coupled with an EDX
detector (Oxford Instruments X-Max 150), operating at a 10 kV voltage
and 200 pA current. Low counting time (10 s) to minimize the alkali
metal migration and raster scan mode to reduce the temperature in-
crease were adopted for the measurement, as previously suggested
(Goldstein et al., 1992; Pacella et al., 2016). AMS1 was investigated with
a Jeol JSM 6400 Scanning Electron Microscope equipped with a
windowless Oxford INCA EDS detector. The operating conditions were
15kV and 1.2 nA, with an electron beam about 1 pm in diameter and low
counting time; errors are +2-5% for major elements and +5-10% for
minor components, while detection limits are 0.1 wt%. The standards
used for calibration included Ni, V, CryO3, BaSO4, CaF,, SrTiOs,
ilmenite, chromite, glass, olivine, augite, microcline, anorthoclase, and
apatite. The reliability of the chemical analyses was assessed using a
charge balance error formula (E%, Passaglia, 1970), the K-content test
(Cametti et al., 2013; Mattioli et al., 2018), and an Mg-content test
(Dogan and Dogan, 2008).

2.3. Energy dispersive X-ray fluorescence (EDXRF)

EDXRF analysis was performed using the instrument Epsilon 1
(Malvern Panalytical), equipped with a silver anode (Ag) X-ray tube and
a Silicon Drift Detector (SDD) with an energy resolution of <135 eV for
Mn-Ka. The analyses were carried out under two different experimental
conditions for each sample. The first condition was optimized for the
excitation of low-Z elements (Mg to Ca K-lines), using 10 kV, 500 pA,
and an acquisition time of 180 s. The second condition was optimized for
the excitation of higher-Z elements (V to Zr K-lines and Pb L-lines), using
50 kV, 100 pA, an acquisition time of 300 s, and a Cu filter (500 pm).
Quantitative analyses were performed using the proprietary software of
the Epsilon 1 system (Malvern Panalytical). Each sample was analyzed
in triplicate.

To verify the precision and accuracy of the EDXRF system, elemental
analysis of an internal reference standard was also carried out. The
reference material samples were prepared under the same experimental
conditions as the zeolite samples. All measurements were performed
under normal atmospheric conditions at room temperature. The EDXRF
spectra were processed using the instrument's proprietary software
(Malvern Panalytical). The reference sample was prepared to ensure a
flat surface and full irradiation during measurement.

2.4. X-ray powder diffraction (XRPD)

Pure crystals were selected from each sample under a binocular
microscope, then carefully disaggregated, finely ground in an agate
mortar, and placed in a 0.7 mm side-opened aluminium sample holder.
XRPD (X-ray Powder Diffraction) data were collected using a Philips
X'Change PW1830 powder diffractometer set at 35 kV accelerating
voltage and 30 mA beam current, with CuKa radiation (A = 1.54506 1°\).
Measurements were taken in a Bragg-Brentano geometry from 2° to 65°
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at 20, with a 0.01° step size and a 2.5-s count time for each step to
ensure high-intensity patterns. The diffractometer used a 1° maximum
divergence compensating slit, a 0.2 mm receiving slit, and a graphite
crystal monochromator. Semi-quantitative XRPD analysis was also done
using X'Pert Quantify and X'Pert HighScore Plus software, with quartz as
an internal calibration standard. Peak width variations were minimal
(within +2% of the average value). Each sample was measured three
times.

2.5. Cell culture and treatments

This study was performed on the primary cell line of human primary
pulmonary fibroblasts MRC-5 (ATCC -CCL-1711 American Type Culture
Collection). According to the manufacturer's datasheet, these cells
exhibit typical fibroblast morphology. The cells were cultivated in Ea-
gle's Minimum Essential Medium (EMEM) supplemented with 1 %
antibiotic (penicillin and streptomycin), 2 mM glutamine, 1 mM sodium
pyruvate and 10% fetal bovine serum (FBS). The cells were incubated at
37 °C, in a humid atmosphere of 5% CO,. At 80% confluence, the cells
adherent to the culture substrate were detached by enzymatic treatment
with Trypsin-EDTA. Briefly, the MRC-5 cells were seeded and left to
adhere for 24 h. The next day, the culture medium was replaced with a
fresh one, which contained different zeolite fibers (SC1, AMS1, FERS5,
MOL1) at concentrations of 150 pg/mL, followed by incubation for 24 or
48 h. After the incubation, the treatment was removed, and the cells
were processed for analysis.

2.6. Electron paramagnetic resonance (EPR)

MRC-5 cells were cultured and maintained in standard conditions
(37 °C, 5% CO5). The experimental setup included incubating 8 x 10°
cells/mL with CAT16 at concentrations of 0.1 mM, in the presence of
zeolite fibers (150 pg/mL) for 2 and 24 h. EPR measurements were
conducted using a Bruker EMX Spectrometer at X-band frequency (9.5
GHz). The parameters were set as follows: modulation amplitude of 1 G,
Receiver Gain of 5.02 x 10, Time Constant of 20.48 ms, and Conversion
Time of 40.96 ms. Spectral accumulations were averaged over three
scans to enhance the signal-to-noise ratio. Spectrometer calibration was
carried out using DPPH (g = 2.0036). EPR spectra were analyzed using
double integration to quantify radical concentrations. Hyperfine
coupling constants (<A>), correlation times (t), and line widths (W1)
were determined through spectral simulations using the MC Simulation
Program (Altenbach, 1995).

2.7. Cell viability

Cells were seeded into 6-well plates (3 x 10°/well) and the following
day, treatments with the fibrous zeolites were carried out and placed in
an incubator at 37 °C and 5% CO, for 24 and 48 h. After the treatment,
the cells were detached and centrifuged at 1200 rpm for 5 min, and cell
viability was assessed by resuspending the cells in an equivalent volume
of 0.4% Trypan Blue solution (Sigma-Merk). Finally, the cells were
counted with a Burker's chamber and the number of viable cells in the
control condition was set as 100%.

2.8. Calcein AM assay

Cell viability was measured by Calcein AM (Thermo Fisher Scienti-
fic) assay. Calcein AM is a cell-permeant dye that can be used to
determine cell viability in live cells. Live cells with intact cell mem-
branes take up Calcein AM, which is then cleaved by intracellular es-
terases to produce fluorescent Calcein. Following treatments, MRC-5
cells were incubated with 1 pM Calcein AM at 37 °C for 30 min. At the
end of incubation, the cells were observed, and the images were ob-
tained at 485 nm excitation and 538 nm emission using a digital camera-
attached fluorescence microscope with data acquisition software (Nikon
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ECLIPSE TS100, software NIS-Elements F, Nikon Europe BV, Amster-
dam). The analysis was performed by ImageJ software analysing 5 im-
ages for each experimental condition and the number of viable cells was
assessed setting the control condition as 100%.

2.9. Detection of ROS production

Intracellular ROS levels were analyzed with 2',7-dichlorofluorescein
diacetate (DCFH-DA, Sigma-Aldrich, Milan, Italy), which is a cell-
permeable non-fluorescent probe that turns to highly fluorescent 2',7'-
dichlorofluorescein (DCF) upon oxidation. Briefly, cells (1 x 10°/well)
in 24-well plates were incubated with DCFH-DA (5 pM) for 30 min at
37 °C. The fluorescence emission was analyzed at ex/em 485/520 nm in
Spark multimode reader from Tecan.

2.10. Analysis of lysosomal compartment

The cells were seeded in black 96-well plates (approximately 1.5 x
10°/well) and subsequently treated for 24 h at 37 °C and 5% CO». At the
end of the incubation, the medium was removed, and the cells were
washed with PBS. The LysoTracker Green DND-26 (LTG, Invitrogen)
probe was used at 100 nM for 30 min. Fluorescence intensity was
detected at ex/em 485/520 nm and quantified with the FLUOstar OP-
TIMA plate reader.

2.11. Statistical analyses

Statistical analyses were performed using Prism version 9.00
(GraphPad Software, San Diego, CA, USA). Quantitative data are
expressed as mean =+ standard deviation (SD) based on at least three
independent experiments. Differences between groups were analyzed
using a One-way analysis of variance (One-way ANOVA), followed by a
Tukey post hoc Test. The value of p < 0.05 was indicative of a statisti-
cally significant difference.

3. Results
3.1. Morphology and morphometry

The habit of minerals plays a crucial role in their potential health
effects. Fibrous zeolites can occur in multiple elongated forms. Erionite,
for example, is frequently described in the literature as prismatic, acic-
ular, hair-like, or woolly, occurring as single fibers, fibrils, or bundles.
Individual crystals typically range from 2 to 200 pm in length and 0.1 to
10 pm in thickness. Ferrierite and mordenite are generally elongated and
fibrous, although not always strongly so, whereas scolecite is prismatic
and lacks pronounced fibrous characteristics.

Fig. 1 shows SEM images of the zeolite fibers investigated in this
study. The SC1 sample (scolecite) consists of prismatic, elongated
crystals with diameters ranging from 0.5 mm to 30 pm and variable
lengths (Fig. 1a). These crystals commonly form irregular or radiating
clusters and exhibit little to no tendency to split into thin fibers.

In the AMS1 sample (erionite), crystals range from fibrous (needle-
like) to highly fibrous, with diameters of 2-5 pm and lengths of 10-100
pm, most frequently between 30 and 40 pm (Fig. 1b). They occur as
irregular to parallel bundles up to 100 pm long, with variable thickness.
These bundles readily break into individual fibrils as thin as 0.5 pm or
less. This sample represents a strongly fibrous form of erionite with a
marked tendency to form fibrils.

The FER5 sample (ferrierite) contains flattened, elongated acicular
crystals with a highly fibrous, low-flexibility habit (Fig. 1c). Fiber
lengths vary from 20 to 300 pm, with an average of 25 pm; approxi-
mately half of the fibers are shorter than 20 pm. Fiber widths range from
0.5 to 15 pm, averaging 0.75 pm. More than 80% of the fibers are nar-
rower than 3 pm. This sample reflects a strongly fiber-forming acicular
to fibrous ferrierite.
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Fig. 2. XRPD patterns of the investigated zeolite fibers.

The MOL1 sample (mordenite) shows roughly prismatic fibrous
crystals ranging from 0.5 to 5 mm in length and less than 1 mm in width
(Fig. 1d). In some cases, these prismatic structures split into small, rigid
fibers and fibrils with average lengths of 100 pm and diameters <0.5 pm.
This sample represents moderately fibrous to weakly fiber-forming
mordenite.

3.2. Mineralogy

To assess the quality of the separated crystals and exclude the pres-
ence of impurities, detailed long-exposure X-ray diffraction (XRPD)
analyses were performed on each sample, with exposure times up to 24
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h. The resulting diffraction data are shown in Fig. 2.

For the SC1 sample, the XRPD pattern displays all characteristic re-
flections of pure, highly crystalline scolecite, indexed to a monoclinic
cell. The main peaks occur at 6.61 108, 5.86 f\, and 2.89 /0\, with closely
spaced reflections in the 30°-31.5° 2-theta range.

The AMS1 sample (erionite) exhibits a dominant primary reflection
at 11.45 A, along with the complete set of minor reflections typical of
this zeolite (6.60 /0\, 3.75 10\, 4.32 i\, and 2.85 A). Trace amounts of
quartz, clinoptilolite, and feldspar are also detectable.

The diffraction pattern of the FERS sample corresponds to pure fer-
rierite, showing a main peak at 9.95 A and minor reflections at 3.99 A,
3.53 A, and 3.50 A. The low baseline of the pattern indicates high
crystallinity.

Similarly, the MOL1 sample (mordenite) demonstrates high crystal-
linity, as evidenced by a very low background and well-defined re-
flections at 9.04 A (main peak) and 3.99 A (secondary peak), along with
minor peaks at 3.38 [o\, 3.47 f\, and 3.22 A.

3.3. Chemical composition

The microchemical compositions (major-, minor- and trace ele-
ments) of the investigated zeolite crystals are reported in Table 1. The
SC1 and FER5 samples were previously analyzed for major elements
(Mattioli et al., 2016, 2022) and are reported here for comparison.

Prismatic scolecite from the SC1 sample is a typical Ca-zeolite with
an average chemical formula of Cas gg[Al}4.355122.31080]1-21.12H20. The
Si/(Si + Al) ratio is approximately 0.61, consistent with literature
values.

The fibrous erionite (AMS1 sample) can be classified as erionite-K,
with an average chemical composition of (Ks320Nas14Cag o09Mgo.06)
[Al; ggSizg.29072]029.88H,0 and a Si/(Si + Al) ratio of 0.78, comparable
to erionites from Durkee, Oregon, USA (Passaglia et al., 1998) and
Lander County, Nevada, USA (Mattioli et al., 2016; Ballirano et al.,
2018). K* is the dominant extra-framework cation (average 3.2 apfu),
followed by Na™ (average 3.14 apfu), while Ca?* (average 0.09 apfu)
and Mg%* (0.06 apfu) are very low. Trace Fe (up to 0.18 apfu) likely
reflects surface impurities rather than the crystal structure.

The fibrous ferrierite (FER5 sample) has an average chemical for-
mula of (Mg1,77K0,65Ca0,65Na0‘36)[Si29‘80A16,20072]022.76H20, with a
Si/(Si + Al) ratio of 0.83. Extra-framework cations follow the trend
Mg2+ > (Ca®t ~ K™), while Na" is relatively low (average 0.36 apfu).

The fibrous mordenite (MOL1 sample) is Na-rich, with an average
composition of (Nag 31Caz 38Ko.17Mgo.06)[Alg 98Si30.18096]1028.30H20
and a Si/(Si + Al) ratio of 0.83. The dominant extra-framework cations
are Nat (average 3.31 apfu) and Ca®' (average 2.38 apfu), while K*
(average 0.17 apfu) and Mg?t (<0.1 apfu) are minor. This composition
aligns with fibrous mordenite from Northern Italy (Giordani et al.,
2022a).

Regarding trace elements, in most cases (64%) their concentrations
are below the instrument's detection limit. Arsenic was detected, in very
small amounts (35.2 ppm), only in fibrous erionite (AMS1). Traces of Ba
and Ce were identified in samples SC1 (65 and 247 ppm, respectively)
and FER5 (44 and 950.6 ppm, respectively). Co and Li were also
detected in minor amounts in scolecite (SC1: 15 and 14 ppm, respec-
tively) and mordenite (MOL1: 22 and 11 ppm, respectively). Rb and Sr
were present in all samples, with lower concentrations observed for Rb
(71.6, 61.5, 145.2, and 35.8 ppm in SC1, AMS1, FER5, and MOL1,
respectively) and higher concentrations for Sr (2510, 411, 7120, and
1680 ppm in SC1, AMS1, FER5, and MOLI, respectively). Fibrous
erionite also contains traces of Th (42.5 ppm), Y (89.2 ppm), and Zn
(96.4 ppm), while V was detected only in mordenite sample MOL1 (23
ppm). Zr occurs in trace amounts in samples SC1 (9.7 ppm), FER5 (10.4
ppm), and MOL1 (8 ppm), whereas a higher concentration was
measured in erionite (332.1 ppm).
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Table 1
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Chemical compositions (major-, minor- and trace elements) of the investigated zeolite fibers. N, number of points; ¢, standard deviation; £T sum of cations in
tetrahedral sites; Sef sum of cations in extra-framework sites; E% measure of charge balance as defined by Passaglia (1970); *Hypothesized water content; ®Mattioli

et al. (2016); “Mattioli et al. (2022); bdl, below detection limit.

Sample sc1® c AMS1 o FER5¢ c MOL1 c
Average (N = 4) Average (N = 5) Average (N = 8) Average (N = 6)

SiO, 48.15 0.06 71.68 0.18 67.61 0.15 66.19 0.36

TiO, bdl - 0.12 0.02 bdl - bdl -

Al,03 26.28 0.03 16.94 0.21 11.94 0.06 12.87 0.28

Fe;03 bdl - 0.61 0.08 bdl - bdl -

MnO bdl - 0.05 0.01 0.01 0.01 0.02 0.01

MgO bdl - 0.11 0.05 2.70 0.18 0.04 0.04

CaO 11.80 0.09 0.21 0.09 1.38 0.24 3.49 0.18

Nay0 bdl - 4.09 0.17 0.42 0.23 2.97 0.09

K20 bdl - 6.36 0.11 1.15 0.12 0.25 0.03

H,0 13.67 18.5% 14.80 14%

Si 22.31 0.02 28.29 0.10 29.80 0.06 39.18 0.18

Al 14.35 0.01 7.88 0.12 6.20 0.06 8.98 0.2

2T 36.66 36.35 36.00

Fe - - 0.18 0.05 - - - -

Mg - - 0.06 0.02 1.77 0.10 0.06 0.03

Ca 5.86 0.05 0.09 0.05 0.65 0.10 2.38 0.11

Na - - 3.14 0.13 0.36 0.21 3.31 0.10

K - - 3.20 0.11 0.65 0.09 0.17 0.03

Zef 5.86 6.49 3.43

H,0 21.12 29.88 22.76 27.63

E% 6.88 5.9 7.31

R 0.61 0.78 0.83 0.81

As bdl - 35.2 0.04 bdl - bdl

Ba 65 0.02 bdl 44 0.04 bdl

cd bdl - bdl - bdl - bdl

Ce 247 0.8 9 0.01 950.6 12 bdl -

Co 15 0.05 bdl bdl - 22 0.01

Cr bdl - bdl bdl - bdl

Cu bdl - bdl bdl - bdl -

Eu bdl - 99.2 212.5 1.5 45.4 0.7

Hg bdl - bdl bdl - bdl -

Li 14 0.01 bdl bdl - 11 0.02

Ni bdl - bdl bdl - bdl

Pb bdl - 61.1 - bdl - bdl -

Rb 71.6 0.08 61.5 0.7 145.2 - 35.8 4

Sn bdl - bdl - bdl - bdl -

Sr 2510 14 411 2 7120 15 1680 11

Th bdl - 42.5 0.5 bdl - bdl -

\4 bdl - bdl - bdl - 23 0.8

Y bdl - 89.2 0.3 bdl - bdl

Zn bdl - 96.4 0.5 bdl - bdl -

Zr 9.7 0.05 3321 0.9 10.4 0.04 8 3

3.4. EPR interaction

The spectral intensity, measured as double integration of the EPR
absorption spectra, varied notably across the fiber samples. Table 2 re-
ports the hyperfine coupling constants, correlation times, and line
widths. Fig. 3a shows experimental and simulated EPR spectra of the
CAT16+MRC-5+SC1 sample after 2 h of incubation, whereas Fig. 3b
illustrates the EPR spectra recorded after 2 h of incubation of the AMS1,
SC1 and FERS zeolites with MRC-5 cells and the CAT16 probe.

After 2 h, Trypsin appears to aid probe solubilization within the
system. Fibers + probe samples (CAT16) show lower spectral intensities
than the probe-only control (BN, Fig. 4). This reduction is caused by
spin-spin interactions between the probe and the fibers, which are
weaker in FER5 than in SC1 and AMS1Trypsin. In samples containing
both fibers and MRC-5 cells, the spectral intensity is even lower, likely
because the probe enters the cellular cytosol and interacts with intra-
cellular antioxidants.

After 24 h, the trend notably changes (Fig. 4). Probe + fiber samples
now show higher intensities than the Trypsin control, and higher than
their own 2-h values, indicating improved probe solubilization, partic-
ularly CAT16, over time. This is consistent with a gradual breakup of
initial CAT16 aggregates, which were EPR-silent in the cell membrane at

2 h due to poor membrane solubility. By contrast, fiber + cell samples
show reduced intensity, likely due to strong spin-spin interactions. In the
controls, solubilization steadily increases over time, except when CAT16
is combined with cells, where the intensity falls because the probe enters
the cytosol and is degraded by cellular antioxidants. Notably, SC1 ex-
hibits a slight intensity increase over 24 h, possibly due to fiber-assisted
probe delivery at the cell-solution interface. In contrast, AMS1 shows a
decline in intensity over time, suggesting greater probe uptake into cells
and stronger quenching effects.

Figs. 5 and 6 show the FAST and BROAD spectral components over
time, and the evolution of the correlation time across the different
zeolite fibers, respectively. The hyperfine coupling constant (<A>) de-
scribes the micropolarity around the spin probe. The FAST component
shows nearly unchanged micropolarity under all conditions, suggesting
a stable local environment. In contrast, the BROAD component, which
reflects interaction effects, displays distinct behavior. In particular,
AMS1 shows a clear increase in micropolarity from 2 to 24 h, indicating
progressively fiber-membrane interactions. In contrast, SC1 and FER5
exhibit a decrease in micropolarity over the same time. In MRC-5 +
fiber + CAT16 samples, micropolarity remains consistently lower than
in the reference controls for all zeolite types. The correlation time (),
which reflects microviscosity and interaction strength, is significantly
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Table 2
Hyperfine coupling constants (<A> in Gauss), correlation time (t) and linewidths (W1) determined through MC spectral simulations program of different components
(FAST and BROAD).

<A> (G) Error <A> (G) Error 1(ns) Error 1(ns) Error Intensity (a. Error Int.
FAST A fast BROAD A_broad FAST 7_fast BROAD 7_broad w)

AMS1 MRC/5 CAT16 16.83 +0.084 16.32 +0.326 0.418 +0.033 6.61 +0.331 27311.90 +1365.59
trips 2h

AMS1 MRC/5 CAT16 16.86 +0.084 16.55 +0.331 0.353 +0.028 6.94 +0.347 24264.00 +1213.20
trips 24h

FER5 MRC/5 CAT16 16.85 +0.084 16.61 +0.332 0.432 +0.035 7.86 +0.393 19802.10 +990.10
trips 2h

FER5 MRC/5 CAT16 16.86 +0.084 16.36 +0.327 0.367 +0.029 6.95 +0.348 25779.73 +1288.98
trips 24h

SC1 MRC/5 CAT16 trips 16.84 +0.084 16.50 +0.330 0.457 +0.037 7.62 +0.381 23466.81 +1173.34
2h

SC1 MRC/5 CAT16 trips 16.84 +0.084 16.42 +0.328 0.353 +0.028 6.45 +0.323 26437.51 +1321.87
24h

Bn CAT16 2h 16.83 +0.084 16.75 +0.335 0.211 +0.017 2.56 +0.128 35678.24 +1783.91

Bn CAT16 24h 16.86 +0.084 16.65 +0.333 0.213 +0.017 2.37 +0.119 40291.24 +2014.56

Bn CAT16 SC1 2h 16.82 +0.084 16.84 +0.337 0.240 +0.019 2.48 +0.124 27493.18 +1374.65

Bn CAT16 SC1 24h 16.85 +0.084 16.84 +0.337 0.233 +0.019 2.44 +0.122 35151.46 +1757.57

Bn CAT16 AMS1 2h 16.84 +0.084 16.75 +0.335 0.205 +0.016 2.46 +0.123 28876.41 +1443.82

Bn CAT16 AMS1 24h 16.84 +0.084 16.76 +0.335 0.218 +0.017 2.49 +0.125 43683.61 +2184.18

Bn CAT16 Fer5 2h 16.81 +0.084 17.22 +0.344 0.304 +0.024 2.96 +0.148 24804.13 +1240.20

Bn CAT16 Fer5 24h 16.86 +0.084 16.71 +0.334 0.205 +0.016 2.44 +0.122 31563.66 +1578.18

Bn CAT16 Trips 2h 16.82 +0.084 16.71 +0.334 0.189 +0.015 2.42 +0.121 47554.17 +2377.70

Bn CAT16 Trips 24h 16.85 +0.084 16.84 +0.337 0.214 +0.017 2.41 +0.121 32668.35 +1633.41

Bn CAT16 Trips 16.85 +0.084 16.68 +0.334 0.191 +0.015 2.37 +0.119 30666.25 +1533.31
SC1 2h

Bn CAT16 Trips 16.84 +0.084 16.73 +0.335 0.202 +0.016 2.37 +0.119 34289.46 +1714.47
SC1 24h

Bn CAT16 Trips 16.85 +0.084 16.65 +0.333 0.205 +0.016 2.42 +0.121 30926.28 +1546.31
AMS1 2h

Bn CAT16 Trips 16.88 +0.084 16.71 +0.334 0.104 +0.008 2.16 +0.108 35825.51 +1791.27
AMS1 24h

Bn CAT16 Trips 16.83 +0.084 16.72 +0.334 0.191 +0.015 2.37 +0.119 39705.80 +1985.29
FER5 2h

Bn CAT16 Trips 16.86 +0.084 16.59 +0.332 0.189 +0.015 2.36 +0.118 35573.01 +1778.65
FERS5 24h

Bn CAT16 MRC/5 2h 16.83 +0.084 16.76 +0.335 0.223 +0.018 291 +0.146 25806.89 +1290.34

Bn CAT16 MRC/5 24h 16.86 +0.084 16.72 +0.334 0.188 +0.015 2.61 +0.131 24660.22 +1233.01

(a ) Experimental (b ) ——— SC1 MRC/5 CAT16 TRIPS 2h
———  Simulated —— AMS1 MRC/5 CAT16 TRIPS 2h

- FERS MRC/5 CAT16 TRIPS 2h

1 L 1 ! 1 1 1 L ! 1 1 I | . 1 L | L
3280 3300 3320 3340 3360 3260 3280 3300 3320 3340 3360 3380

B (G) B (G)

Fig. 3. (a) Experimental (black) and simulated (green) EPR spectra of CAT16-+MRC-5+SC1 sample after 2 h of incubation. The best fit simulation consists of 20.47%
FAST component (t = 457 ps) and 79.53% BROAD component (t = 7.62 ns). (b) EPR spectra recorded after 2 h of incubation of AMS1, SC1 and FERS5 zeolites with
MRC-5 cells and CAT16 probe. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

!

higher in all samples compared to controls. The BROAD component shows values around 7 ns - much longer than the FAST component -
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Fig. 4. EPR spectral intensity over time.
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Fig. 5. Hyperfine coupling constant of FAST and BROAD components at different interaction time.
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Fig. 6. Correlation time (t) across different zeolite fibers (graph showing t for
SC1, AMS1, and FERS5 at 2 h and 24 h, for BROAD component).

confirming its stronger interaction with the surrounding environment.
For SC1 and FERS, t values are high at 2 h but decrease at 24 h, sug-
gesting rapid early interactions followed by stabilization. In contrast,
AMSI1 shows an increase in T at 24 h, indicating rising microviscosity

and progressively stronger interactions with the cellular membrane.

The percentage of the BROAD component increases over time in all
control samples, consistent with improved solubilization and more
uniform distribution of CAT16. In MRC-5 + CAT16 + AMS1 and MRC-5
+ CAT16 + SC1 samples, the rising BROAD component similarly in-
dicates progressive probe solubilization and incorporation into the cell
membrane. This incorporation likely involves the probe orienting with
the polar heads on the membrane surface and interacting with adjacent
phospholipid groups. In contrast, FER5 shows a high BROAD percentage
already at 2 h, likely due to early probe aggregation.

The FAST component, associated with free radical groups at the
outer or inner cell membrane surface, shows higher polarity than the
BROAD component. Spectral analysis highlights clear differences in
probe behavior between zeolites and reference controls. The BROAD
component consistently exhibits higher microviscosity when fibers are
present, indicating stronger probe-membrane interactions. The hyper-
fine coupling constant (<A>) decreases slightly over time for FER5,
suggesting reduced micropolarity, while SC1 remains nearly unchanged.
Controls, by comparison, show greater variability in <A> values,
reflecting a more dynamic environment. Correlation times (t) further
differentiate the zeolites. All fiber samples show higher t values than
controls. SC1 and FER5 display high t at 2 h that declines by 24 h,
suggesting early interactions followed by stabilization. Conversely,
AMS1 maintains elevated t values throughout the experiment,
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Fig. 7. Effect of zeolite fibers on human pulmonary MRC-5 cell viability after 24 h of treatment. (A) The graph illustrates the percentage of cell viability after 24 h of
treatment with the four fibrous zeolites, SC1, AMS1, FER5, and MOL1, at a concentration of 150 pg/mL. Each value is expressed as a percentage + SD (N = 3
independent experiments. (B) Representative bright field microscopy images of MRC-5 control cells and MRC-5 treated with SC1, AMS1, FER5 and MOLI1 fibrous
zeolites after 24 h of treatment. Scale bar 100 pm. (C) The graph shows the percentage of Calcein AM-labelled cells after 24 h of treatment with the fibrous zeolites
SC1, AMS1, FER5 and MOL1 at the concentration of 150 pg/mL. (D) Representative fluorescence images of MRC-5 control cells and MRC-5 treated with SC1, AMS1,

FERS5 and MOLI1 labelled with Calcein AM. Scale bar 100 pm.

indicating sustained membrane interactions and increased
microviscosity.

Finally, spectral line width (W1) analysis shows that AMS1 and FER5
have broader lines than SC1 and controls, reflecting stronger spin-spin
interactions and more robust probe binding. Overall, the data confirm
that zeolite fibers influence MRC-5 cells within just 2 h of exposure, with
each fiber type showing distinct interaction dynamics.

These EPR findings, which reflect distinct modes and strengths of
fiber-membrane interactions, are consistent with the biological results
observed in MRC-5 fibroblasts. Notably, the EPR response cannot be
interpreted solely in terms of interaction amplitude. The modest spectral
changes observed for scolecite likely reflect a weak or transient mem-
brane perturbation, whereas the more pronounced motional restriction
induced by erionite suggests a more persistent alteration of membrane
organization, which may be relevant to the observed cytotoxic effects.

The associated alterations in membrane polarity and microviscosity
suggest that fiber exposure compromises cellular integrity and likely
contributes to the cytotoxic and oxidative effects discussed in the
following sections.

3.5. Effect of zeolite fibers on human pulmonary MRC-5 cell viability

To assess the potential toxicity of zeolite fibers (SC1, AMS1, FER5
and MOL1) on MRC-5 cells, we initially performed cell viability assays
after 24 h of exposure at various fibers concentrations (1.5, 15, 150 pg/
mL; Supplementary Fig. 1A and B). Based on the results and on previous
studies (Cangiotti et al., 2018; Timblin et al., 1998; Mirata et al., 2022),
we selected a concentration of 150 pg/mL and evaluated cell viability by
Trypan Blue and the Calcein AM assays after 24 and 48 h of exposure.
Cell viability was evaluated using Trypan Blue and the Calcein AM as-
says. As shown in Fig. 7, no significant toxicity was detected after 24 h
for any fiber type. A slight reduction of cell viability was observed in

cells exposed to AMS1 and MOL1 (Fig. 7A). Bright-field images
confirmed the presence of extracellular mineral fibers, while cells
largely maintained their characteristic elongated morphology. A minor
reduction in cell density was visible in AMS1-and MOL1-treated samples
(Fig. 7B). Besides, the quantitative and qualitative assessment of MRC-5
viability by Calcein AM staining further supported these findings,
showing viability values comparable to untreated controls (Fig. 7C).
However, a small decrease in the percentage of Calcein AM-labelled cells
was noted in the MOL1 sample (Fig. 7C and D).

Because the 24 h viability assessment showed no significant toxicity,
we extended the exposure to 48 h (Fig. 8). At this time point, Trypan
Blue staining reveals a marked decrease in cell viability, approximately
50%, in cells exposed to AMS1, FER5 and MOL1 (p < 0.05 and p < 0.01)
compared to control condition (Fig. 8A). In contrast, SC1 did not reduce
viability, showing values comparable to the untreated sample. Optical
microscopy confirmed these findings, showing increased numbers of
floating cells and reduced cell density in AMS1-, FER5-and MOL1-
treated samples, whereas SCl-treated cells displayed morphology
similar to controls, with floating and more well-spread adherent cells
(Fig. 8B).

Calcein AM staining further supported these results: FER5 and MOL1
reduced viable cell percentages by ~25% (***p < 0.001 ys Ctrl), while
AMS1 induced a stronger effect with ~50% viability loss (****p <
0.0001 vs Ctrl) (Fig. 8C). Fluorescent microscopy likewise showed
visible fewer bright green fluorescent cells in AMS1-, FER5-and MOL1-
treated samples compared to both control and SC1 conditions (Fig. 8D).

3.6. Zeolite fibers induce intracellular ROS production in the human
MRC-5 pulmonary fibroblast cell line

To assess ROS production, MRC-5 cells were labelled with the fluo-
rogenic dye DCFH-DA. As shown in Fig. 9A, AMS1, FER5, and MOL1
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Fig. 8. Effect of zeolite fibers on human pulmonary MRC-5 cell viability after 48 h of treatment. (A) The graph depicts the percentage of cell viability after 48 h of
treatment with the four fibrous zeolites SC1, AMS1, FER5 and MOL1 at a concentration of 150 pg/mL. Each value is expressed as a percentage + SD (N = 3 in-
dependent experiments; *p < 0.05, **p < 0.01 vs Ctrl). (B) Representative bright field microscopy images of MRC-5 control cells and MRC-5 treated with SC1, AMS1,
FERS and MOL1 fibrous zeolites after 48 h of treatment. Scale bar 100 pm. (C) The graph shows the percentage of Calcein AM-labelled cells after 48 h of treatment
with the fibrous zeolites SC1, AMS1, FER5 and MOL1 at a concentration of 150 pg/mL. Each value is expressed as a percentage +SD; ***p < 0.001, ****p < 0.0001 vs
Ctrl. (D) Representative fluorescence images of MRC-5 control cells and MRC-5 treated with SC1, AMS1, FER5 and MOL1 labelled with Calcein AM. Scale bar 100 pm.
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Fig. 9. Evaluation of intracellular ROS production in MRC-5 treated with zeolite fibers. (A) Intracellular ROS production was measured by DCF-DA analysis in MRC-
5 cells incubated for 5 h in the presence or absence of 150 pg/mL of mineral fibers SC1, AMS1, FER5, and MOL1. Results are expressed as the relative fluorescence of
ROS production compared to the untreated control and represent the mean + SD of three experiments (*p < 0.05, **p < 0.01, ***p < 0.001). (B) Intracellular ROS
production in MRC-5 cells incubated for 24 h in the presence or absence of 150 pg/mL of mineral fibers SC1, AMS1, FER5 and MOL1. *p < 0.05, **p < 0.01,
respectively.

administration to MRC-5 cells induced an early increase in intracellular longer time. Notably, AMS1 and FER5 caused a significant increase in
ROS, with oxidation levels rising progressively over the first 5 h of intracellular ROS levels (approximately 1.5-fold; p < 0.05 and p < 0.01,
treatment. In particular, FER5 fiber triggered the strongest response respectively) compared to the control.

(approximately 1.4-fold increase), followed by MOL1 and AMSI1. In

contrast, SC1 did not affect ROS production in MRC-5, maintaining 3.7. Alteration Of lysosome content induced by zeolite ﬁbers

levels comparable to the control condition (Fig. 9A). We next examined

the alteration of oxidative intracellular state after 24 h of exposure To investigate potentia] alteration in the lysosomal compartment, a
(Fig. 9B). Zeolite fibers continued to stimulate ROS production over this key system for degrading exogenous materials such as fibrous zeolites, as
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Fig. 10. Lysosomal compartment assessment in MRC-5 treated with zeolite fibers. (A) Intracellular lysosomal content was measured by LysoTracker Green (LTG) in
MRC-5 cells after 24 h in the presence or absence of 150 pg/mL of mineral fibers SC1, AMS1, FER5, and MOL1. Results are expressed as a percentage of lysosomes

compared to the untreated control and are the mean + SD (N = 3 independent experiments; **

*p < 0.0001). (B) Representative confocal images of MRC-5 cells

labelled with LTG in the presence or absence of mineral fibers SC1, AMS1, FER5 and MOL1 for 24 h. Scale bar 25 pm. (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)

well as damaged cellular components, we assessed lysosomal activity
using LysoTracker Green (LTG). The statistical histogram showed that
LysoTracker Green (LTG) fluorescence intensity (Fig. 10A) was greater
in MRC-5-treated cells than in their normal counterparts (approximately
50% increase +SD; p < 0.0001), indicating a wider number of acidic
vesicular organelles induced by the exposure to all fibers. Confocal
microscopy (Fig. 10B) confirmed these findings, revealing a higher
accumulation of acidic vacuoles in fiber-treated cells, evidenced by an
increased number of bright fluorescent green puncta compared to the
accumulation occurring in normal cells.

4. Discussion

Several factors determine how mineral fibers affect human health,
particularly their toxicity and carcinogenicity. The most significant
include particle size and shape, specific surface area, chemical compo-
sition, Si/Al ratio, biosolubility, and the presence of surface impurities,
metals, and radioactive elements (Sanchez et al., 2009; Wylie et al.,
2020; Korchevskiy and Wylie, 2021; Gualtieri, 2023; Giordani et al.,
2022c, 2025). Because the fibers, fibrils, elongated mineral particles,
and cleavage fragments in the investigated fibrous zeolites are very
small, at least a fraction - depending on the mineral species - is likely
small enough to be inhaled and reach the respiratory system. Erionite
(AMS1) shows the smallest fiber size and a strong tendency to fragment
into even thinner fibers. Ferrierite (FER5) also splits into small fibers,
though less efficiently and with generally larger dimensions. Mordenite
(MOL1) forms fibers less readily, while scolecite (SC1) shows minimal to
no tendency to develop thin fibers. Thus, the relative abundance of
potentially inhalable fibers in the studied samples is: AMS1 > FER5 >
MOL1 > SC1.

The degree of fibrosity is closely linked to the crystal's surface area
available for interaction with biological systems. The SC1 sample has a
specific surface area (SSA) of 1.5 m?/g and a total pore volume of 0.007
mL/g. Of this volume, 43% corresponds to pores larger than 80 nm, 34%
falls within the 20-80 nm range, and 21% consists of pores smaller than
20 nm (Mattioli et al., 2016). Literature reports a wide range of
BET-derived SSA values for erionite. Some studies report SSA values
between 8 and 30 mz/g (Mattioli et al., 2016; Giordani et al., 2022c;
Pollastri et al., 2014), while others document much higher values
(Aguilar-Armenta and Patino-Iglesias, 2002; Ballirano et al., 2015;
Passaglia, 1970; Mertens et al., 2009). For ferrierite, Gualtieri et al.
(2018b) recently measured SSA values of 11 m?/g and 7 m?/g for nat-
ural fibrous samples from Canada and Nevada (USA), respectively.
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Mordenite generally shows higher SSA values, ranging from 16 m?/g for
fibrous samples (Lycourghiotis et al., 2018) to 19 m?/ g or more when
other mineral phases are present (Hernandez et al., 2000; Vasylechko
etal., 1999; Korkuna et al., 2006). In summary, although SSA in zeolites
can vary substantially depending on experimental conditions, accessory
minerals, and fiber aggregation, erionite consistently shows the highest
SSA among fibrous zeolites, while scolecite has the lowest. Ferrierite and
mordenite occupy an intermediate range.

From a mineralogical perspective, the investigated samples consist of
pure zeolite phases, with only minor impurities detected in the AMS1
erionite sample (Fig. 2). Their chemical compositions closely match
values reported in the literature and are representative of each species.
The Si/Al ratio, a key parameter controlling zeolite solubility, follows
the sequence: FER5 (4.81) > MOL1 (4.36) > AMS1 (3.59) > SC1 (1.56).
Notably, because higher Si/Al ratios than erionite are associated with
greater stability under acidic or neutral conditions, such as those in the
lung, ferrierite and mordenite are expected to be more biopersistent
than erionite (Hartman and Fogler, 2007; Giordani et al., 2019; Di
Giuseppe, 2020). Conversely, scolecite, with the lowest Si/Al ratio, is
likely to have a faster dissolution rate.

In general, the presence of potentially toxic elements (PTEs; e.g., Fe,
Cr, Ni, Mn, Co, and Pb) as impurities and/or within the structure of
inhalable fibres, together with the other parameters mentioned above,
represents an additional concern in the context of mineral toxicity (e.g.,
Bloise et al., 2016, 2020; Gualtieri et al., 2018a,b). When inhaled,
asbestos and erionite fibres may dissolve in the lungs after a latency
period, releasing their toxic constituents and potentially leading to
cellular damage (Wei et al., 2014; Pacella et al., 2021, 2023). Extensive
evidence has shown that toxic elements, even at low concentrations, can
induce significant cellular oxidative stress by increasing the production
of reactive oxygen species (ROS) and, in some cases, by causing DNA
damage through direct binding (IARC, 2012; Chen et al., 2012; Scharf
et al., 2014). In the case of the fibrous zeolites investigated in this study,
chemical analyses revealed extremely low or negligible trace element
contents. Most importantly, no significant presence of potentially toxic
elements (PTEs) was detected. Co, Cr, and Cu were consistently below or
only slightly above the detection limits, as were Hg, Ni, and Pb. V and Zn
were detected in two samples, but always at very low concentrations.
Mn concentrations were also consistently very low, while Fe, an element
still considered to have significant toxicity potential, was detected only
in fibrous erionite even if in relatively low amounts (0.6 wt%). For these
reasons, a toxic effect related to these elements cannot be excluded, as
already widely discussed in the scientific literature.
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To better understand the processes occurring at the fiber surface and
the fiber/cell interface, EPR measurements were performed. These ex-
periments provide detailed insight into the interactions between fibrous
zeolites and radical probes, as well as between fibers and cells. In recent
years, EPR has become an essential technique for studying such in-
teractions, yielding key information on solubilization, micropolarity,
and microviscosity, among other factors (e.g., Gualtieri et al., 2018a,b;
Cangiotti et al., 2017, 2018; Mattioli et al., 2016, 2022; Giordani et al.,
2022b; Pugnaloni et al., 2023). In this study, EPR revealed marked
differences in interaction responses between (i) the zeolite samples and
the CAT16 probe and (ii) the zeolite samples and pulmonary fibroblasts.
Data for MOL1 were excluded due to interference from minor Fe and Mn
impurities in mordenite crystals, as confirmed by ICP-MS analysis,
which distort the EPR signal and hinder spectral interpretation. For the
other zeolites, EPR analysis demonstrated that interaction of CAT16
with zeolite fibers produced clear spectral changes, reflecting different
levels of cellular interaction. AMS1 displayed the strongest response,
with the highest spectral intensity and prolonged correlation times.
These findings correlate with the reduced cell viability observed in
AMS]1-treated samples, suggesting that these fibers more effectively
disrupt cellular integrity than FER5 and SC1-treated samples, particu-
larly after 48 h of exposure. In AMSI, the progressive decrease in hy-
perfine coupling constants (<A>) over 24 h points to a change in the
micropolar environment, likely linked to oxidative stress induced by the
fibers. At the same time, the continued increase in correlation times (t)
suggests a more rigid, less fluid membrane environment, supporting the
hypothesis of membrane rigidity and disruption. These effects are likely
driven by the surface properties of AMS1, which enhance its interaction
with the cellular microenvironment. By contrast, SC1 and FER5 showed
decreases in both <A> and t values over time, suggesting weaker in-
teractions and possible stabilization within the cellular environment.
Thus, while SC1 and FER5 display milder and potentially self-limiting
interactions, AMS1 maintains a strong and progressively intensifying
interaction with cell membranes, consistent with its higher cytotoxic
potential. This observation supports the view that membrane engage-
ment alone is not sufficient to predict cytotoxicity, which likely depends
on the persistence and the biophysical impact of the fiber-membrane
interaction. These findings are consistent with previous studies, which
reported that erionite (both fibrous and prismatic) and ferrierite exhibit
stronger interaction capabilities than other fibrous zeolites such as
mesolite, thomsonite, offretite, and scolecite (Cangiotti et al., 2017,
2018; Gualtieri et al., 2018a,b; Mattioli et al., 2022; Giordani et al.,
2022b).

A comprehensive evaluation of the morphological and structural
features of the studied fibrous zeolite systems, compared with the
findings of Cangiotti et al. (2018), provides meaningful insights despite
the use of different cell lines. Both studies underscore the critical role of
fiber morphology in driving toxicity. In particular, the fibrous nature of
erionite (AMS1), ferrierite (FER5), and mordenite (MOL1) strongly in-
fluences their interactions with cellular components. Cangiotti et al.
(2018) reported the formation of fiber aggregates and their subsequent
internalization into the cytoplasm and even the nucleus of U937
monocyte cells. Fibrous zeolites showed variations in the hyperfine
coupling constant (<A>): erionite (AMS1) and ferrierite (FER5)
exhibited lower (<A>) values, indicating reduced membrane polarity
during interaction, consistent with a more hydrophobic microenviron-
ment that could favor fiber insertion into the lipid bilayer. In contrast,
scolecite (SC1) displayed higher <A> values, suggesting weaker mem-
brane perturbation and aligning with its lower cytotoxicity in both
studies. Furthermore, AMS1 and FERS5 fibers induced a marked decrease
in correlation time (t), consistent with increased microviscosity caused
by strong fiber-lipid bilayer interactions. The broadening of line width
(W1) observed for AMS1 and FERS5 further supports their strong
engagement with cellular components, potentially triggering oxidative
stress and inflammatory responses. In contrast, SC1 produced only
minor changes in T and W1, in agreement with its comparatively lower
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cytotoxicity.

The present study also reveals increased intracellular production of
reactive oxygen species (ROS) and lysosomal alterations on MRC-5 fi-
broblasts, particularly following exposure to AMS1, FER5, and MOL1.
All fibrous zeolites were found to interact with lung fibroblasts, inducing
alterations in the lysosomal compartment after 24 h of exposure.
Lysosome-mediated endocytosis is known to play a central role in the
cellular uptake and degradation of zeolite fibers, where lytic enzymes
facilitate their digestion to maintain cellular homeostasis. However, this
process is strongly influenced by fiber size and structure: when fibers are
too large to be fully degraded, lysosomal and autophagic dysfunction
can occur, leading to intracellular accumulation and triggering a
potentially chronic inflammatory response. These findings are consis-
tent with those of Ballirano et al. (2025), who demonstrated that
phagocytosis of erionite by THP-1 macrophages causes substantial
sequestration of hydronium ions from lysosomes, resulting in rapid pH
dysregulation. This is counteracted by hyperactivation of
ATP-dependent proton pumps, with consequent energy depletion and
mitochondrial dysfunction, ultimately leading to ROS and reactive ni-
trogen species (RNS) overproduction and oxidative stress. In our study,
all tested fibrous zeolites induced elevated intracellular ROS levels for
up to 24 h of exposure, with FER5 provoking a response comparable to
that of erionite (AMS1). This agrees with Gualtieri et al. (2018b), who
reported that erionite and ferrierite share similar chemical and physical
properties and may occur as asbestiform fibers capable of triggering
toxic processes. Although ferrierite does not contain structural iron, it
may carry iron impurities on the fiber surface. During phagocytosis by
alveolar macrophages, fibers are retained within phagolysosomes, and
iron residues anchored at specific sites can catalyse radical formation. It
has been demonstrated that intracellular Fe?>" overload promotes lipid
peroxide accumulation, leading to DNA damage and ferroptosis, an
iron-dependent form of programmed cell death. In line with this, both
FER5 and MOL1 induced significant cytotoxic effects in MRCS5 cells after
48 h, comparable to AMS1. Taken together, these results indicate that
ferrierite and mordenite, although not currently classified as carcino-
genic, can elicit cytotoxic responses comparable to those of erionite.
This finding suggests that certain fibrous zeolites presently regarded as
low-risk materials may, under prolonged exposure, pose underestimated
health hazards and warrant further toxicological assessment.
Conversely, SC1 fibers did not affect cell viability, likely due to their
structure, which allows efficient intracellular digestion without
impairing cellular viability. This observation further supports the idea
that lysosomal acidification is not a necessary factor for cytotoxicity.
Overall, these results indicate that the investigated fibers induce quali-
tatively different modes of membrane perturbation.

Our findings are intriguing and consistent with previous studies
investigating zeolite cytotoxicity in various in vitro models. Specifically,
erionite fibers have been shown to induce necrotic cell death, leading to
the release of damage-associated high-mobility group protein 1 (HMGB-
1) into the extracellular space (Ballirano et al., 2025). Furthermore,
erionite has also been reported to disrupt intracellular calcium homeo-
stasis and trigger apoptosis (Ballirano et al., 2025; Gualtieri, 2023). A
recent in vitro toxicity study on human lung cells demonstrated that
erionite induces apoptosis, oxidative stress and DNA damage in a
dose-dependent manner. Moreover, both acute (24-72 h) and
early-chronic (7 d) responses included increased expression of multiple
cytokines, along with fibrotic and Epithelial to Mesenchymal transition
(EMT) markers (Scarfi et al., 2025).

Interestingly, our Trypan Blue and Calcein-AM assays revealed a
marked reduction in cell viability - approximately 50% - in MRC-5 cells
exposed to MOL1, comparable to the response observed for erionite
(AMS1). Although mordenite is generally considered non-mutagenic, its
cytotoxic potential increases in the presence of ferrous ions, as shown in
the AS52 ovary cell line. Fach et al. (2003) also reported that mordenite
induces an oxidative burst in a pulmonary alveolar macrophage-derived
cell line, producing high levels of hydroxyl radicals similar to erionite,
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Table 3
Integrated toxicity potential of the investigated zeolite fibers based on morphology, specific surface area (SSA), chemical stability (Si/Al ratio), and observed biological
responses.
Zeolite fiber Fiber morphology Specific surface area Si/Al Key biological responses Integrated toxicity
(SSA) ratio potential
Erionite (AMS1)  Very small fibers; strong High Moderate Strong membrane interaction, high ROS production, Very high
fragmentation reduced cell viability
Ferrierite Small fibers; moderate Intermediate High Elevated ROS production; cytotoxic effects after High
(FER5) fragmentation prolonged exposure
Mordenite Limited fibrous development Intermediate-high High Significant cytotoxicity (~50% viability reduction); Moderate-High
(MOL1) oxidative stress
Scolecite (SC1) Minimal fibrous character Very low Low Weak membrane interaction; negligible cytotoxicity Low

an effect attributed to iron associated with the fiber surface. The com-
bination of morphological, EPR, and cytotoxicity data underscores how
fiber structure, surface chemistry, and persistence within the cellular
environment collectively determine biological outcomes. This inte-
grated evidence supports the hypothesis that fiber-induced oxidative
stress and lysosomal impairment constitute early events that drive
chronic inflammation and, potentially, neoplastic transformation.
Overall, these findings support the role of zeolite fibers as contributors
to inflammation and suggest their potential involvement in the devel-
opment of chronic diseases and malignancies over time. Although this
study has some limitations, a more comprehensive understanding of the
lung's response to fibrous zeolites will require investigating the in-
teractions between MRC-5 cells, alveolar epithelial cells, and other
relevant cell types to better elucidate the underlying signaling pathways
and mechanisms of action. Moreover, long-term studies that mimic
chronic fiber exposure are critical for identifying the inflammatory
pathways and molecular mechanisms responsible for fiber-induced
pathogenicity. This study therefore provides an important foundation
for elucidating the biological mechanisms underlying the toxicity and
carcinogenic potential of fibrous zeolites, while enhancing our under-
standing of the associated health risks.

5. Conclusions

Our planet hosts numerous fibrous mineral species, many of which
occur in stone materials used for industrial and commercial purposes or
are naturally present in rocks and soils that can be disturbed or mobi-
lized by human activity. Because the interactions between many of these
minerals and biological systems remain poorly understood, investi-
gating and characterizing their toxicity is essential.

The present results highlight a clear relationship between the phys-
icochemical properties of fibrous zeolites and their biological effects
(Table 3). Fiber morphology appears to play a primary role, as minerals
characterized by smaller diameters and a greater tendency to fragment,
such as erionite (AMS1) and ferrierite (FERS5), generate a larger pro-
portion of inhalable particles capable of interacting with cellular
membranes. These morphological features, together with higher specific
surface areas, enhance fiber reactivity and increase the likelihood of
membrane perturbation and cellular uptake. Chemical composition also
contributes to toxicity through its influence on biopersistence: the
relatively high Si/Al ratios of ferrierite and mordenite suggest greater
stability under physiological conditions, potentially favoring prolonged
residence in lung tissues. In addition, even trace amounts of transition
metals, particularly Fe, may amplify biological responses by promoting
reactive oxygen species (ROS) formation. Consistent with this inter-
pretation, EPR measurements revealed stronger and more persistent
membrane interactions for erionite compared with ferrierite and scole-
cite, correlating with reduced cell viability and increased oxidative
stress. The elevated intracellular ROS levels and lysosomal alterations
observed in MRC-5 fibroblasts further support the role of oxidative stress
and impaired intracellular processing as key early events in fiber-
induced cytotoxicity. Overall, these findings indicate that the com-
bined effects of fiber morphology, surface reactivity, chemical stability,
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and trace element content determine the biological impact of fibrous
zeolites.

The results of this study demonstrate that zeolite fibers can markedly
alter the cellular microenvironment of pulmonary fibroblasts, affecting
both cell proliferation and function. Importantly, we report previously
unrecognized biological effects of FER5, MOL1 and SC1 on human lung
fibroblasts. In particular, our data show that FER5 and MOL1 exert
cytotoxic effects comparable to those of erionite (AMS1), suggesting a
potentially harmful impact on human health under conditions of pro-
longed exposure. These findings underscore the need to re-evaluate the
toxic potential of fibrous zeolites beyond the traditionally recognized
carcinogenic species. Future investigations integrating long-term expo-
sure models and molecular pathway analyses will be essential to fully
elucidate their pathogenic mechanisms. Such studies will be critical for
anticipating the toxic potential of fibrous minerals, identifying their
environmental or industrial occurrence, and ultimately supporting risk
assessment efforts aimed at protecting public health.
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