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1. Introduction

Today, one of the top missions of health and environmental in-
stitutions worldwide is the identification, evaluation and quantification
of the risks associated to natural and man-made toxic/carcinogenic
agents to develop management plans aimed at minimising the risk of
exposure for the general public and workers. At a national level this task
is entrusted to government organizations such as the Environmental
Protection Agency (EPA) in the USA and the “Istituto Superiore di
Sanita” (ISS) in Italy. At a global level, the International Agency for
Research on Cancer (IARC), under the umbrella of the World Health
Organization (WHO), is certainly the major player. Every year, IARC
delivers Monographs from expert Working Group for the evaluation/re-
evaluation of carcinogenic hazards to humans [2]. Such evaluations
have regarded several mineral fibres in the past, with a special attention
to asbestos, erionite and asbestos-like minerals (e.g. fluoro-edenite). For
the evaluation of carcinogens, tools suitable for toxicity prediction
(prediction toxicology) are promoted today, combining innovative
data-mining and in silico methods, trying as much as possible to limit in
vivo testing. A remarkable example is the ToxCast research program of
the Environmental Protection Agency (EPA) to predict the potential
toxicity of environmental chemicals based on in vitro bioactivity
profiling [21].

In this scenario, a project to develop a quantitative predictive model
of toxicity/carcinogenicity of minerals fibres based on the physical-
chemical and morphological parameters started ten years ago. The
Fibre Potential Toxicity Index (FPTI) model delivers an index for mineral
fibres to classify their potential toxicity and carcinogenicity [28,34]. For
the determination of the FPTI index, the model evaluates the morpho-
metric, chemical, biodurability-related, and surface parameters of
mineral fibres responsible for adverse effects in vitro and in vivo [27]. The
size (length and width) of mineral fibres is a key factor influencing their
toxicity, inflammatory response, and pathogenicity [17]. Additionally,
fibre surface curvature plays a crucial role in protein binding and cell
adhesion [11]. The shape of a fibre determines its deposition pathway in
the respiratory tract while its density affects its aerodynamic diameter,
which in turn influences the depth of fibre deposition within the airways
[36]. The hydrophobicity of a fibre regulates its interaction with bio-
polymers and phagocytes. Surface area impacts dissolution kinetics and
biodurability, which dictate resistance to chemical and biochemical
alteration [36]. Iron and other metals like Ni, Mn, V are key toxicity
chemical factor. Iron present on the fibre surface facilitates the forma-
tion of reactive oxygen species (ROS), leading to cyto- and genotoxic
effects [50]. The dissolution rate of a fibre is a cornerstone of the fibre
toxicity paradigm [17]. If a fibre rapidly dissolves in lung fluids - indi-
cating low biodurability - it is generally considered less toxic due to
lower biopersistence [36]. The dissolution rates of iron, silica, and other
metals regulate the extracellular release of substances that can generate
ROS [35]. Additionally, the electric charge of the fibres, measured as
zeta potential, is associated with various adverse biological effects,
including hemolysis, cross-talk phenomena, and apoptosis. The zeta
potential also influences the agglomeration of the fibre in the lung fluids
[56]. In vivo, some silicates like fibrous zeolites may exchange cations,
potentially disrupting cellular life cycles [3,60]. A detailed description
of each parameter of the model is found in Gualtieri et al. [36] and
Gualtieri [26]. A value is assigned to each of the 18 parameters,
depending on its susceptibility to prompt adverse effects and subsequent
inclusion in one of the value classes T;. Because the parameters of the
model can correlate with each other, a hierarchical scheme that con-
siders cross-correlations is also applied [26]. The code which defines the
hierarchy of the parameter is H and the weight applied with respect to H
is defined as W= 1/H, with H =1, 2 or 3. From Table 1, showing all the
parameters of the model, first rank parameters (H=1) are: (1,1) mean
fibre length, (1,2) mean fibre width, (1,3) crystal curvature, (1,4) crystal
habit, (1,8) total iron content, (1,11) content of metals other than iron,
(1,16) zeta potential, and (1,18) cation exchange. Second rank
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Table 1
The parameters of the FPTI model.
Parameter H U Classes Normalized
score FPTI;
(1,1) mean fibre length L 1 1 L<5.0 0.0
(pm) 5.0 <L<10.0 0.1
10.0 <L<20.0 0.2
L>20.0 0.4
(1,2) mean fibre width D 1 1 D>3.0 0.0
(pm) 1.0<D< 3.0 0.1
0.25<D< 1.0 0.2
D<0.25 0.4
(1,3) crystal curvature 1 2 lat surface 0.05
altered surface 0.1
cylindrical surface 0.2
(1,4) crystal habit 1 1 Curled 0.1
mixed Curled/acicular 0.2
acicular 0.4
(1,5) fibre density p (g/ 2 1 p< 275 0.05
cm®) 2.75<p< 3.5 0.1
p>3.5 0.2
(1,6) hydrophobic 2 1 hydrophobic 0.05
character of the amphiphilic 0.1
surface hydrophilic 0.2
(1,7) specific surface 2 1 SSA>25.0 0.05
area SSA (m?/g) 5.0 <SSA< 25.0 0.1
0<SSA<5.0 0.2
(1,8) total iron content 1 2 Fe;03+Fe0=0.0 0.0
Fe,03+FeO (wt%) 0 <Fe,03+FeO< 1 0.05
1<Fe,03+Fe0< 10 0.1
Fe,03+Fe0>10 0.2
(1,9) ferrous iron FeO 2 1 FeO=0.0 0.0
(Wt%) 0.0<Fe0< 0.25 0.05
0.25<Fe0< 1.0 0.1
FeO>1.0 0.2
(1,10) nuclearity or iron 3 2 n=0 0.0
atoms n n>2 0.02
n=2 0.03
n=1 0.07
(1,11) content of metals 1 1 C; 0.0
other than iron* ZiL_i7 0.0
(ppm/ppm) Gi 0.1
ppm/pp 0.0 <Zifi5 1.0
C; 0.2
10<} <50
G 0.3
Zi]:> 5.0
(1,12) fibre dissolution 2 1 t<1.0 0.05
time t** (y) 1<t < 40.0 0.1
t>40.0 0.2
(1,13) velocity of iron 3 1 vg= 0.0 0.0
release vg*** (Wt%/y) 0.0 <vg< 0.1 0.03
0.1<vg< 1 0.07
VR>1 0.13
(1,14) velocity of silica 3 2 vs=0.0 0.0
dissolution vg**** (wt 0.0<vg < 0.5 0.02
%/y) 0.5<vs< 1.0 0.03
vs>1.0 0.07
(1,15) velocity of release 3 1 vm=0.0 0.0
of metals vy* . 0.0<vy< 1.0 0.03
(ppm/y) 1.0<vy< 10.0 0.07
vp>10.0 0.13
(1,16) zeta potential { 1 2 (-) at pH= 4.0-4.5 0.1
(mV) (-) at both pH= 4.0-4.5 0.2
and 7.0-7.4
(1,17)¢ values® inducing 3 1 £>20.0 or ¢c< —20.0 0.03
fibres’ aggregation 10.0< ¢< 20.0 or 0.07
(mV) —20.0 <{<-10.0
0.0 <¢<10.0 or 0.13
—10.0 <¢< 0.0
(1,18) cation exchange 1 3 cation exchange 0.07
no cation exchange 0

Yat the pH= 7.4 of the extracellular environment.
* Zi%:sum of the concentrations of metals (Sb, As, Hg, Cd, Co, Cr, Cu, Pb,
i
Ni, Zn, V, Be) C; in the fibre (ppm) divided by the limit L; for that metal according
to the existing regulatory system [68] except for Be with limit = 0.5 ppm;
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" the total dissolution time of the fibre calculated in years (y) following the
standardized acellular in vitro dissolution model at pH= 4.5 described in Gual-
tieri et al. [37];

“** total content of elemental iron in the fibre (wt%) possibly made available
as active iron at the surface of the fibre divided by the total dissolution time (y)
of the fibre (y);

™ total content of Si of the fibre (wt%) divided by the total dissolution time
(y) of the fibre;

""" total content (ppm) of heavy metals (Sb, As, Hg, Cd, Co, Cr, Cu, Pb, Ni,
Zn, V, Be, Mn) divided by the total dissolution time (y) of the fibre;

Table 2
The mineral fibres considered in this study for the statistical analysis of the data
delivered by the FPTI model.

fibre origin L(pm), FPTI; reference
W(pm) (error**)
amosite UICC Penge, Northern 66.0, 3.17 (0.13) [571
Province (South 0.1
Africa) NB
#4173-111-4
asbestos San Severino, 50.0, 3.03 (0.20) [7]
actinolite Basilicata (Italy) 0.2
asbestos Paakkila (Finland) 25.0, 2.77 (0.17) [571
anthophyllite NB 0.4
UICC #4173-111-5
asbestos Lanzo Valley, 45.0, 2.88 (0.13) [51]
tremolite Piedmont (Italy) 1.1
chrysotile Balangero, Torino 35.0, 2.35 (0.08) [20]
(Italy) 1.5
chrysotile UICC "B" Canadian 52.0, 2.22 (0.07) [58]

NB #: 4173-111-1 0.27

chrysotile Valmalenco, Sondrio 8.1, 2.25 (0.26) [8]
(Italy) 0.07

chrysotile Yasniy, Orenburg 33.9, 2.40 (0.07) [15]
Oblast (Russia) 0.07

crocidolite UICC Koegas, Northern 25.0, 2.73 (0.08) [52]

Cape of South Africa 0.3
NB #: 4173-111-3

erionite Gawler Downs, 210.0, 2.43 (0.04) [55]
Canterbury (New 0.39
Zealand)
erionite Jersey, Nevada 9.39, 2.28 (0.21) [30]
(USA) 0.24
erionite Karain, Cappadocia, 12.5, 2.33 (0.07) [16]
Turkey 0.5
erionite Kaipara, North 16.0, 2.33(0.03) [62]
Island (New 0.7
Zealand)
erionite Tuzkoy, Cappadocia, 24.5, 2.48 (0.05) [24]
Turkey 0.81
fibrous fluoro- Biancavilla, Catania 100.0, 2.60 (0.11) [25]
edenite (Italy) 0.5
fibrous sepiolite Vallecas, Madrid 7.0, 1.68 (0.08) [67]
(Spain) 0.15
fibrous Essex County, New 11.0, 1.92 (0.14) [14]
wollastonite York (USA) 1.1
NYAD G-1
fibrous Essex County, New 46.6, 2.08 (0.11) [14]
wollastonite York (USA) 2.99
NYAD G-2

" mean value of the fibre length and width;

* calculated with the new version of webFPTI available online at the link: http
s://fibers-fpti.unimore.it/FPTI/. The manual (WebFPTI_Ma-
nual_version4c_250205) reports the scheme for the calculation of the errors for
each parameter of the model;

" reference for the description and characterization of the sample.

parameters (H=2) are: (1,5) fibre density, (1,6) hydrophobic character
of the surface, (1,7) specific surface area, (1,9) ferrous iron, and (1,12)
fibre dissolution time. Third rank parameters (H=3) are: (1,10) nucle-
arity or iron, (1,13) velocity of iron release, (1,14) velocity of silica
dissolution, (1,15) velocity of release of metals, (1,17), and fibres’
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aggregation. For example, H= 2 (hierarchy=2) is assigned to the specific
surface area (1,7) because it depends upon the length (H=1) and
diameter (H=1) of the fibre. H= 3 (hierarchy=3) is assigned to the ve-
locity of release of metals (1,13) because this parameter depends upon a
first rank parameter (H=1) like the content of metals other than iron (1,
11) and a second rank parameter (H=2) like the specific surface area (1,
7). The complete scheme of the hierarchical clustering in the FPTI model
is published as Fig. 1 in Gualtieri [26] and Mossman and Gualtieri [49].

A second weight defined as wy=1/U is also applied to each
parameter. It accounts for the uncertainty in the determination of a
specific parameter and is defined by the penalty parameter U (1 = low to
null uncertainty, 2 = some degree of uncertainty, 3 = high uncertainty).
Specifically, it refers to the level of knowledge to which a model
parameter causes adverse bio-chemical effects in vitro/in vivo obtained
from literature data. The more literature data exist on the correlation of
that parameter with one or more adverse effects, the lower the value
(penalty parameter U=1=low to null uncertainty). Few ambiguous
literature data result in a penalty parameter U= 3 (high uncertainty).
For example, U= 1 is assigned to the parameter (1,1) mean fibre length
because it is well known that it prompts, among others effects, indirect
production of electrophilic species like hydroxyl radicals (ROS) and
genotoxic ROS/RNS (reactive nitrogen species) during AM frustrated
phagocytosis [27]. On the other hand, U= 3 is assigned to the parameter
(1,18) cation exchange because only few recent evidences suggest its
role in inducing adverse effects in vitro (see the case of erionite in [3]).

The FPTI score of each fibre is the sum of all individual FPTI; values,
classified and weighed according to the equation [26]:

FPTI = W, W, T;

n
i=1

with Wy= 1/H, weight of the parameter according to its hierarchy H;
Wy= 1/U, weight of the parameter according to the uncertainty U of its
evaluation (see above); T;=class value of the parameter i of the model.
As anticipated above, Table 1 reports all the parameters of the model,
with the hierarchy factor H, the uncertainty factor U, the classes and
normalized FPTI; scores.

Gualtieri et al. [31] have recently shown how the 18 FPTI parameters
of the mineral fibres that induce specific adverse effects are tied to in vivo
pathological processes attributed to the characteristics of carcinogens
KCs used by IARC to evaluate an agent. Specifically, these KCs are KC1:
Is electrophilic or can be metabolically activated to electrophiles? KC2:
Is genotoxic? KC3: Alters DNA repair and causes genomic instability?
KC4: Induces epigenetic alterations? KC5: Induces oxidative stress? KC6:
Induces chronic inflammation? KC7: Is immunosuppressive? KC8:
Modulates receptor-mediated effects? KC9: Causes immortalization?
KC10: Alters cell proliferation, cell death or nutrient supply? [39,64]. It
is remarked that Table 3 in Gualtieri [27] summarizes the 18 FPTI pa-
rameters and their role in contributing to the 10 KCs.

Although the FPTI model stands on the shoulders of solid existing
models such as the Toxicity Estimation Software Tool (T.E.S.T.) for the
estimation of the toxicity from molecular structure developed by the U.S.
Environmental Protection Agency EPA [69], its novelty lies in the fact it
has been especially developed to study fibrous particles and predict their
toxicity/carcinogenicity from all the physical-chemical-crystallographic
properties. FPTI distinguishes from solid existing tools such as ToxCast
which predicts the potential toxicity of chemicals based just on in vitro
testing data [21] or QSAR, a quantitative structure-activity relationship
generalist model [54] which predicts how the chemical structure of
molecules (not complex natural phases like mineral fibres) affects their
biological (adverse) activities or physico-chemical properties.

The FPTI model is implemented in WebFPTI, a web-based applica-
tion structured as a classical three-tier architecture. WebFPTI has been
developed and runs under a Debian GNU Linux OS [34]. The software is
available online at the link: https://fibers-fpti.unimore.it/FPTI/. The
manual is also available as pdf file (WebFPTI_Manual_version4c_250205
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Fig. 1. SEM images of the fibres were evaluated in this work: (a) synthetic commercial anatase nano-fibres (914401, Sigma-Aldrich) (modified from www.sigmaaldri
ch.com/IT/it/product/aldrich/914401); (b) commercial natural chrysotile from Yasniy, Orenburg Oblast (Russia), with mean fibre length L> 5um; (c) commercial
natural chrysotile from Yasniy, Orenburg Oblast (Russia), with mean fibre length L< 5um; (d) synthetic iron-free nano-chrysotile; (e) fibrous boulangerite from
Trepca Stari Trg, Mitrovica District Kosovo; (f) a synthetic fibrous calcite; (g) natural fibrous datolite from Berceto, Parma (Italy); (h) fibrous glaucophane from San
Anselmo, Marin County, California (USA) [13]; (i) synthetic goethite nano-fibres; (1) commercial natural halloysite nano-tubes from Matauri Bay, Northern Island

(New Zealand); (m) mordenite from Poona (India).
(f) (modified from [40]); (h) (modified from [38]); (m) (modified from [12]).

at the date of manuscript publication) and reports the scheme for the
calculation of the errors for each parameter of the model. Specifically,
errors consider how close the value is to the adjacent class limit. For the
threshold values, the error is the half of the variation (A) between
adjacent FPTI scores. The error varies with the distance from the
threshold values following an exponential decay:

(ar2)/¢*

with A=half of the variation between adjacent FPTI scores; s = step
between the values of the parameters. In the manual, tables are provided
to calculate the errors associated to the FTPI score for each fibre
parameter in the parameter interval of values. Let us consider an
example relative to the fibre length L parameter. If the measured value
of the mean fibre length Lis 10 pm, the error associated to the FPTI score
of the fibre length L parameter is 0.05. This number is half of the dif-
ference values between the class of FPTI 0.1 and 0.2 (0.2-0.1 =0.1; 0.1/
2 =0.05). Error decreases following the exponential decay above with
the distance from the threshold value (10 pm). If the measured value of
the mean fibre length L= 13 pm, the error associated to the FPTI score of
the fibre length L parameter is 0.002489, that is [(0.05)/2]/e(13’1°). The
qualitative parameters (1,3), (1,4), (1,6), (1,16), and (1,18) (Table 1)
have an associated Error= 0.

In the last ten years, the FPTI model has been used to evaluate several
mineral fibres (e.g. asbestos: [26]; fibrous glaucophane: [13]; erionite:
[55]; chrysotile: [15]), wollastonite: [14]).

In this work, a statistical analysis of the data collected so far was

conducted to create representative classes of values for amphibole
asbestos, chrysotile, erionite, and fibres that belong to IARC Group 3
(evaluated as "not classifiable as to their carcinogenicity to humans due
to inadequate evidence of carcinogenicity in humans and animals™).
These classes of values are used for the ab initio evaluation of mineral
fibres of industrial, economic or social importance such as anatase nano-
fibres, chrysotile from Russia, nano-chrysotile [41], fibrous boulangerite
from Kosovo, fibrous calcite [40], fibrous datolite from Italy, synthetic
goethite nano-fibres [38], halloysite nano-tubes from New Zealand.
Fibrous glaucophane from California (USA) and mordenite from India
have already been characterized and evaluated by Di Giuseppe et al.
[13] and Di Giuseppe [12] but have been included here to refine the
general model.

2. Materials and methods

The mineral fibres investigated elsewhere and used in this study for
the statistical analysis of the FPTI data are reported in Table 2. For each
mineral fibre, the table reports the origin of the sample, the mean values
of the fibre length L (um) and width W (pm), the FPTI score with asso-
ciated error, and the reference describing the sample characteristics. The
evaluated amphiboles are: standard UICC amosite from Penge, Northern
Province (South Africa) NB #4173-111-4; asbestos actinolite from San
Severino, Basilicata (Italy); standard UICC asbestos anthophyllite from
Paakkila (Finland) NB #4173-111-5; UICC standard crocidolite from
Koegas, Northern Cape of South Africa NB #: 4173-111-3; asbestos
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Table 3
The unclassified/unregulated mineral fibres evaluated in this study with the
FPTI model.

fibre origin L(pm), FPTI; reference
W(pm)* (error**) *
anatase nano- synthetic 6.0, 0.5 1.43 (0.03) WWW.
fibre commercial 914401 sigmaal
from Sigma-Aldrich drich.com
chrysotile Yasniy, Orenburg 29.8, 2.35 (0.05) [63]
L> 5pm Oblast (Russia) 0.4
chrysotile Yasniy, Orenburg 1.91, 2.18 (0.07) [63]
L< 5pm Oblast (Russia) 0.15
nano- synthetic 1.0, 1.37 (0.02) [41]
chrysotile 0.05
fibrous Trepca Stari Trg, 23.0, 2.50 (0.04) [19]
boulangerite ~ Mitrovica District 2.5
Kosovo
fibrous calcite synthetic 15.0, 1.68 (0.03) [40]
0.10
fibrous Berceto, Parma, 9.68, 1.50 (0.10) [74]
datolite Italy 1.38
fibrous San Anselmo, Marin 4.0, 2.77 (0.04) [13]
glaucophane County, California, 0.22
USA
goethite nano- synthetic, sample 25 0.47, 1.73 (0.04) [38]
fibres 0.07
halloysite Matauri Bay, 1.5, 1.92 (0.10) [33]
nano- Northern Island, 0.13
tubules New Zealand
mordenite Poona (India) 20.8, 2.02 (0.14) [12]
0.95

" mean value of the fibre length and width;

** calculated with the new version of webFPTI available online at the link: http
s://fibers-fpti.unimore.it/FPTI/. The manual (WebFPTI_Ma-
nual_version4c_250205) reports the scheme for the calculation of the errors for
each parameter of the model;

" reference for the description and characterization of the sample.

tremolite from Lanzo Valley, Piedmont (Italy). Evaluated chrysotiles are
from Balangero, Torino (Italy); UICC standard "B" Canadian NB #:
4173-111-1; Valmalenco, Sondrio (Italy); Yasniy, Orenburg Oblast
(Russia). Evaluated erionites are from Gawler Dows, Canterbury (New
Zealand); Jersey, Nevada (USA); Karain, Cappadocia, Turkey; Kaipara,
North Island (New Zealand); Tuzkoy, Cappadocia, Turkey. Fibrous
fluoro-edenite from Biancavilla, Catania (Italy), fibrous sepiolite from
Vallecas, Madrid (Spain) and two commercial samples of fibrous
wollastonite NYAD G from Essex County, New York (USA) were also
analysed.

In this work, the following mineral fibres were also evaluated: syn-
thetic commercial anatase (TiO2) nano-fibres (914401, Sigma-Aldrich);
commercial natural chrysotile from Yasniy, Orenburg Oblast (Russia)
[(Mg2.870F€3 627F€g 644Al0.034Cr0.005Ni0.006) (OH)4Si1 082051, with mean
fibre length L> 5pm; commercial natural chrysotile from Yasniy,
Orenburg Oblast (Russia), with mean fibre length L< 5pm. Two size
classes of the natural commercial sample were obtained by cryogenic
milling. The batch of the short (<5pm) chrysotile fibres has a mean fibre
length of 1.91pm, a mean fibre width of 0.15um and a specific surface
specific area of 30 m?/g while the batch of the long (>5um) chrysotile
fibres has a mean fibre length of 29.8um, a mean fibre width of 0.4pm
and a specific surface specific area of 28.9 m?/ g. [63]; synthetic
iron-free nano-chrysotile (Mg3(OH)4Si2Os) [41]; fibrous boulangerite
(PbsSb4S11) Trepca Stari Trg, Mitrovica District (Kosovo); a synthetic
fibrous calcite (CaCO3) [40]; natural fibrous datolite [CaB(SiO4)(OH)]
from Berceto, Parma (Italy); fibrous glaucophane from San Anselmo,
Marin County, California (USA) (Ko.01(Naj 61Cag.43)
(Mgz.mFef%lFeagoAll,()QMI‘I(),05)518,09022(0H)2), fully characterized in
[13]); synthetic goethite (FeOOH) nano-fibres described in Kosmulski
et al. [38]; commercial natural halloysite [Aly(OH)4Si2Os-2 HyO]
nano-tubes from Matauri Bay, Northern Island (New Zealand); zeolite
mordenite from Poona (India) [(Nas.63K0.16Ca1.87Mgo.07)
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[Al7 21Si40.67096]-28 H20], fully characterized in Di Giuseppe [12].

Fig. 1 reports a gallery of the fibres evaluated in this work. Specif-
ically: (a) synthetic anatase nano-fibres; (b) Russian chrysotile with
mean fibre length L> 5pm; (c) Russian chrysotile with mean fibre length
L< 5pm; (d) synthetic nano-chrysotile; (e) fibrous boulangerite from
Kosovo; (f) synthetic fibrous calcite; (g) fibrous datolite from Italy; (h)
fibrous glaucophane from USA; (i) synthetic goethite nano-fibres; (1)
commercial halloysite nano-tubes from New Zealand; (m) mordenite
from India.

This section describes the way the 18 parameters of the FPTI model
(Table 1) were calculated. For the morphometric parameters (1,1) mean
fibre length L, (1,2) mean fibre width D, (1,3) crystal curvature, and
(1,4) crystal habit, experimental scanning electron microscopy (SEM)
(see the gallery in Fig. 1) or transmission electron microscopy (TEM)
data were collected (following the experimental protocol applied in
[371), except for synthetic anatase nano-fibres, synthetic fibrous calcite,
and synthetic goethite nano-fibres whose data were taken from the
available literature data (see the references reported in Table 3). The
ideal fibre density [parameter (1,5)] of the fibres was taken from the
mineralogical database webmineral.com. The hydrophobic character of
the surface [parameter (1,6)] was evaluated from experimental zeta
potential values [parameter (1,16)], following the experimental proto-
col applied in Pollastri et al. [56], or from the literature data. The spe-
cific surface area SSA [parameter (1,7)] was measured experimentally,
using the Brunauer-Emmett-Teller (BET) method (used for example in
Gualtieri et al. [37]) or calculated geometrically from the size parame-
ters of the fibre in the case of synthetic anatase nano-fibres, fibrous
boulangerite from Kosovo, synthetic fibrous calcite, and synthetic
goethite nano-fibres. Regarding the iron-related parameters (1,8) total
iron content, (1,9) ferrous iron, and (1,10) nuclearity or iron atoms, they
were experimentally measured and calculated using the model
described in Gualtieri et al. [31] for the Russian chrysotiles, fibrous
glaucophane, and the commercial halloysite nano-tubes. Synthetic
anatase, synthetic nano-chrysotile, fibrous boulangerite, synthetic
fibrous calcite, fibrous datolite, and mordenite are assumed to be
iron-free. Synthetic goethite nano-fibres are assumed to have ideal
FeOOH chemical formula with cluster iron nuclearity [31]. The content
of metals [parameter (1,11)] other than iron was measured experi-
mentally using electron probe microanalysis (EPMA) (see an example of
the application of the methodology in [37]) for the Russian chrysotiles,
synthetic nano-chrysotile, fibrous boulangerite, fibrous datolite, fibrous
glaucophane, halloysite nano-tubes, and mordenite. Synthetic anatase
nano-fibres, synthetic fibrous calcite, and synthetic goethite nano-fibres
are assumed to be free of metals.

Fibre dissolution times [parameter (1,12)] were experimentally
determined (see the procedure in [37]) for the chrysotile species and for
fibrous glaucophane [13] and mordenite [12]. Dissolution times of the
other fibres were calculated starting from the sample size, chemical data
and literature data: Mbanga et al. [44] for anatase; Achimovicov4, Balaz
[1] for boulangerite; Cornell et al. [9] for goethite. Dissolution of calcite
in acidic medium is assumed to be instantaneous. For datolite, there are
no dissolution rates available in the literature. Hence, dissolution data of
danburite was considered [73]. For halloysite, kaolinite [Aly(OH)4.
Si»0s] dissolution rates were used as input data [72].

The “release” parameters [(1,13) velocity of iron release, (1,14) ve-
locity of silica dissolution, and (1,15) velocity of release of metals] are
calculated from the previous parameters (1,8), (1,11) and (1,12) while
the content of Si is determined from the measured chemical composition
of the sample determined using EPMA (again, see an example of the
application of the methodology in [37]). The values of zeta
potential-related parameters (1,16) and (1,17) were measured experi-
mentally (see above) for the Russian chrysotiles, fibrous datolite, fibrous
glaucophane, halloysite nano-tubes, and mordenite. Data were taken
from the literature for synthetic anatase nano-fibres, synthetic
nano-chrysotile, fibrous boulangerite, synthetic fibrous calcite, and
synthetic goethite nano-fibres. The last parameter (1,18), ability to
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exchange cations in suspension, only applies here to zeolite phases. This
chemical property is not measured as the (1,18) parameter is only
qualitative (yes=capability of cation exchange; no=inability of cation
exchange).

3. Results

All the 18 parameters used to calculate the FPTI score for each
analysed fibre are available online in the WebFPTI application envi-
ronment at the link https://fibers-fpti.unimore.it/FPTI/materials/).

Fig. 2 and Table 2 report the FPTI score, and relative error, for the
evaluated mineral fibres. The histogram plot evidences the differences of
the various groups of amphibole asbestos fibres (in black), erionite fibres
(in dark grey), chrysotile fibres (in light grey), and the fibres assumed to
be non-hazardous or unclassified (in white).

Fig. 3 and Table 3 report the mean FPTI score with standard devia-
tion of the different groups of mineral fibres. Amphibole asbestos (black)
with a mean FPTI score of 2.86 (0.21), erionite (dark grey) with a mean
FPTI score of 2.37 (0.08), and chrysotile (light grey) with a mean FPTI
score of 2.30 (0.09), are classified as IARC Group 1 carcinogenic agents.
Sepiolite and wollastonite are classified as IARC Group 3 agents (white)
with a mean FPTI score of 1.89 (0.20). Fibrous nano-anatase, nano-
goethite, calcite and datolite are IARC non-classified agents (white) and
assumed to be non-hazardous. Their mean FPTI score is 1.59 (0.59). The
mean values considered eventual outliers calculated using the Inter-
quartile Range (IQR) method [48].

A statistical analysis was performed with the Kruskal-Wallis test
using the application available online at http://www.statskingdom.
com/kruskal-wallis-calculator.html. The results of the tests are pro-
vided as Supplementary Material 1. The Kruskal-Wallis H test indicated
that there is a significant difference in the dependent variable between
the different groups, y%(3) = 14.46, p = 0.002, with a mean rank score
of 15.5 for Groupl (amphibole asbestos), 8.8 for Group2 (erionite), 7 for
Group3 (chrysotile), 2 for Group4 (IARC Group 3 fibres). The Post-Hoc
Dunn’s test using a Bonferroni corrected alpha of 0.0083 indicated
that the mean rank of the x;-x4 pair is significantly different.

Fig. 4 depicts a comparative plot of the mean FPTI score as square
dots with standard deviation of the different groups of mineral fibres.
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Fig. 2. Histogram plot depicting the FPTI score (with relative error) of different
mineral fibres. Legend: group of amphibole asbestos fibres = black; group of
erionites = dark grey; group of serpentine asbestos, chrysotile = light grey; fi-
bres assumed to be non-hazardous or that are unclassified fibres = white.
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Fig. 3. Histogram comparative plot of the mean FPTI score (with standard
deviation) of the different groups of mineral fibres. Legend: fibres classified as
IARC Group 1 carcinogenic agents (amphibole asbestos = black; erionite = dark
grey; chrysotile = light grey); Fibres classified as IARC Group 3 agents (sepiolite
and wollastonite are =white). Fibres that are IARC non-classified agents or
assumed to be non-hazardous (fibrous nano-anatase, nano-goethite, calcite and
datolite) = white.

The limits of the areas relative to each group are the calculated standard
deviations. The right side of the plot reports the FPTI score as square
dots, with standard deviation, of unclassified fibres evaluated in this
work. Specifically, from the higher score to the lower score: fibrous
glaucophane, fibrous boulangerite, Russian chrysotile, synthetic nano-
chrysotile, mordenite and halloysite nano-tubes.

4. Discussion

After 10 years of work aimed at the classification of the potential
toxicity/carcinogenicity of mineral fibres using the FPTI model, the
collected data allowed us to attempt a statistical analysis and generate
representative classes of values for amphibole asbestos, chrysotile,
erionite, and IARC Group 3 fibres. These classes can be used for the ab
initio evaluation of other unclassified mineral fibres of industrial, eco-
nomic or social importance.

It should be remarked that the FPTI ab initio model is conceptually a
basic comparative tool to predict the toxicity/pathogenicity potential of
a respirable mineral fibre. It relies on a robust dataset of 18 measured or
calculated fibre-related parameters that induce bio-chemical mecha-
nisms responsible for cancer-related adverse effects in vivo [27]. It is a
comparative tool because the obtained FPTI scores are compared to
those of positive standards (the mineral fibres classified as carcinogenic
to humans according to the IARC) and the negative standards (the
mineral fibres not classified as to their carcinogenicity to humans ac-
cording to the IARC) [32].

4.1. Classified fibres

4.1.1. Comparison of the amphibole asbestos, chrysotile and erionite
families

There is a statistically significant different mean FPTI score among
the IARC Group 1 carcinogenic agents (Fig. 3) with the following rank of
potential toxicity/carcinogenicity: amphibole asbestos > erionite
> chrysotile. The mean value of the IARC Group 1 carcinogenic agent
chrysotile of lowest potential [2.30 (0.09)] is well above the mean FPTI
score of 1.89 (0.20) displayed by sepiolite and wollastonite samples,
classified as IARC Group 3 agents (white in Fig. 3) and much greater than
that [1.59 (0.59)] of non-classified agents fibrous nano-anatase, nano-
goethite, calcite and datolite (also white in Fig. 3) assumed to be non-
hazardous.
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Fig. 4. Comparative plot of the mean FPTI score as square dots, with standard deviation, of the different groups of mineral fibres and relative extended area of each
group. On the left side of the plot, amphibole asbestos (black), erionite (dark grey), and chrysotile (light grey) are classified as IARC Group 1 carcinogenic agents.
Sepiolite and wollastonite are classified as IARC Group 3 agents, negative standards (white). Fibrous nano-anatase, nano-goethite, calcite and datolite are IARC non-
classified agents (white) and assumed to be safe fibres. The right side of the plot reports the FPTI score as square dots, with standard deviation, of unclassified fibres.
Specifically, from the higher score to the lower score: fibrous glaucophane, fibrous boulangerite, Russian chrysotile, synthetic nano-chrysotile, mordenite and

halloysite nano-tubes.

The rank for the potential toxicity/carcinogenicity (amphibole
asbestos > erionite > chrysotile) does not directly compares with the
literature data because the latter refer to different tests or data sets
(epidemiological data on one or more types of malignancies, in vivo tests
on animals, in vitro tests in various cell cultures). Moreover, these data
are often inconclusive and contradictory. Conflicting results may
depend on the different cell lines and animal species used in the testing
(see Table 1 in [6]).

Regarding epidemiologic data, McDonald and McDonald [45,46]
concluded that amphibole fibres are considerably more hazardous than
chrysotile in humans. Accordingly, Bernstein and Hoskins [4] reported
that chrysotile appears to be less potent for mesothelioma induction
than crocidolite. Stayner et al. [65] on the other hand remarked that no
conclusive epidemiologic nor toxicologic evidence support the argu-
ment that chrysotile is any less potent than other forms of asbestos for
inducing lung cancer and Egilman [18], and references therein, recal-
culated and accounted for clearance of amphibole and found potency
ratios to be crocidolite:amosite:chrysotile 26:14:1, in line with other
literature data showing a set of potency ratios of 30:15:1.98.

In vivo tests have shown that erionite is apparently highly carcino-
genic in both mice [66] and rats [70]. From Sprague-Dawley rats testing,
Maltoni et al. [42] showed that erionite is a potent carcinogen more
effective than crocidolite and that mesotheliomagenicity decreases in
the order amphibole asbestos > chrysotile. Later, Maltoni et al., [43]
actually reported that tumour-bearing animals with estimated perito-
neal mesothelioma are 97.5 % for crocidolite, 80.0 % for chrysotile and
50.0 % for erionite; for pleural mesothelioma they are 45.0 % for
crocidolite, 65.0 % for chrysotile and 87.5 % for erionite.

Regarding in vitro data, amphibole asbestos appeared less cytotoxic
than chrysotile although both crocidolite and chrysotile were cytotoxic
in vitro for the mucociliary cell layer of the tracheal mucosa [10]. Poole
et al. [59] observed that erionite has qualitatively different activities to
those possessed by other mineral fibres and seems quantitatively more
active in vitro than other pathogenic fibrous dusts. Palekar et al. [53]

showed that the adverse effects of erionite were weaker but statistically
significant at dose 100 pg/ml with erionite being more reactive than
chrysotile and crocidolite. Later, Bertino et al. [5] showed that
dose-dependent cytotoxicity occurred in HMC exposed to erionite fibres,
although by far lower than that induced by amosite. Conversely,
chrysotile-induced cytotoxicity was comparable with that of erionite.

4.1.2. Fibre parameters that govern the FPTI score

The analysis of the models of all the analysed mineral fibres indicates
that the key fibre parameters that govern the overall FPTI score are the
fibre size, content of iron and metals and parameters related to the
dissolution rate. Fibre size, content of iron and metals and dissolution
rate are the most important parameters contributing to the 10 KCs as
suggested by Gualtieri et al. [31]. Metal-free non-biodurable nano-sized
fibres virtually display the lowest toxicity/carcinogenicity potential. A
striking example is the synthetic iron-free non-biodurable
nano-chrysotile synthesized by Lesci et al. [41] with a FPTI score of 1.37
(0.02) (Table 3). Compared to the group of natural chrysotiles with
mean value of 2.30 (0.09) (Fig. 2), the decrease of the score is mostly due
to the differences in the following parameters: (1,1) mean fibre length L
from 0.4 — 0.0 (A=-0.4); (1,8) total iron content Fe;O3+FeO (wt%)
from 0.2 — 0.0 (A=-0.2); (1,9) ferrous iron FeO (wt%) from 0.2 — 0.0
(A=-0.2); (1,10) nuclearity or iron atoms from 0.07 — 0.0 (A=-0.07); (1,
11) content of metals other than iron* from 0.1 — 0.0 (A=-0.1).

4.2. Unclassified mineral fibres

4.2.1. Synthetic commercial anatase nano-fibres

The synthetic commercial anatase (TiOy) nano-fibres (914401,
Sigma-Aldrich) evaluated in this work are extensively used for many
industrial applications as absorbent, pigment, filler and many more.
Most of the data for the evaluation are taken from the technical data-
sheet available online (www.sigmaaldrich.com). The FPTI score of 1.43
(0.03) (Table 3) is one of the lowest calculated values among all mineral
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fibres and fully justifies the assumption of minor to null toxicity/carci-
nogenicity potential of this agent (Fig. 1 and Fig. 2). Parameters that
increase the overall FPTI score are the small fibre width W (0.5 pm in
Table 3), acicular crystal habit, high fibre density, hydrophilic char-
acter, and low absolute values of the zeta potential that favour fibre
agglomeration with a high potential biological response. The overall
FPTI score is low because of the absence of metals like iron, nickel,
chromium that reset the parameters related to their content and release
rates.

4.2.2. Natural chrysotile from Yasniy (Russia) with different fibre lengths

This is the commercial sample from Yasniy, Orenburg Oblast
(Russia), fully characterized by Di Giuseppe et al. [15]. The sample
consists of flexible bundles of long thin fibres. The potential tox-
icity/carcinogenicity of two classes of chrysotile fibres with mean fibre
length L> 5pm (29.8 pm in Table 3) and mean fibre length L< 5pm (1.91
pm in Table 3) has been evaluated. Despite the class, all these fibres can
penetrate through the respiratory tract and settle in the alveolar space.
Notwithstanding, the different fibre length has a major impact on the
overall score determining the FPTI score of 2.35 (0.05) for the long fibre
chrysotile and 2.18 (0.07) for the short fibre chrysotile (Table 3 and
Fig. 4). The long fibre chrysotile is well within the region of the carci-
nogenic chrysotile fibres while the short fibre chrysotile is outside this
region but above the IARC Group 3 fibres.

In contact with organic solutions reproducing the lysosome fluid at
pH= 4.5 and extracellular fluid at pH= 7, respectively, these chrysotile
fibres display negative values of zeta potential that may prompt the
formation of hydroxyl radicals, apoptosis and binding of collagen and
redox-activated Fe-rich proteins [56]. The low absolute values of the
zeta potential values favour particle agglomeration [26]. The low values
of ferrous iron and total iron [15] decrease the potential although iron,
like other metals, is promptly released in the cellular medium because of
the fast dissolution rates of the fibres. In fact, the dissolution time of
chrysotile asbestos (<1y) is much shorter than that of biodurable
amphibole asbestos species (>50y) [37].

4.2.3. Fibrous boulangerite from Trepca Stari Trg (Kosovo)

We characterized and evaluated a sample of fibrous boulangerite
(PbsSby4S11) from the Trepca Stari Trg, Mitrovica District (Kosovo). This
Pb-containing fibre belongs to the family of sulfosalts, minerals that
form a genetically well-defined group occurring in specific conditions of
ore formation, usually referred to as hydrothermal processes [47].
Boulangerite like other more common sulfosalts (e.g. jamesonite
FePb4SbeS14, robinsonite PbsSbgS13 and zinkenite PbgSbosS40) is wide-
spread and often present as secondary mineralization in noble metals
(Ag, Au), Pb, Zn, Cu ores. Because boulangerite (and the other fibrous
sulfosalts) are not regulated, it is possible that workers in these mining
sites, especially when underground, are exposed to these mineral fibres
by inhalation of the respirable fraction. The calculated FPTI score of this
fibrous boulangerite sample is 2.50 (0.04) (Table 3) and falls in the re-
gion between erionite and amphibole carcinogenic fibres, showing the
toxicity/carcinogenicity power of this mineral fibre (Fig. 3). The major
parameters that make this fibre toxic are the fibre length L (23.0 pm in
Table 3), acicular crystal habit, high fibre density, the small calculated
specific surface area (0.14 m?/ g), high content of Pb and metals, and the
negative values of the zeta potential at pH= 7.4 and 4-4.5. Because this
mineral is soluble in acidic medium, the cargo of metals can be promptly
released in contact with phago-lysosomes during the phagocytosis act
[28].

4.2.4. Synthetic fibrous calcite

The data of the synthetic fibrous calcite (CaCOs3) used for the eval-
uation are taken from Kumar et al. [40]. These fibres were prepared by
inorganic/organic thin-film hybrids using a bio-inspired approach. They
are unidirectionally oriented on functional poly(N-isopropylacrylamide)
(poly(NIPAm)) chosen as the thermo-responsive polymer [40]. The low
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FPTI score of 1.68 (0.03) (Table 3) justifies the assumption of its minor
toxicity/carcinogenicity potential (Fig. 1 and Fig. 2). Toxicity parame-
ters of these fibres are the size (L=15.0 and W=0.1 pm, respectively, in
Table 3), acicular crystal habit, hydrophilic character, and low absolute
values of the zeta potential that favour fibres’ aggregation. The low
overall FPTI score is due to the instantaneous dissolution in acidic me-
dium, mimicking the intracellular phago-lysosomes environment during
the phagocytosis act of alveolar macrophages, and negligible content of
metals which resets the parameters related to their content and rate of
release.

4.2.5. Natural fibrous datolite from Berceto, Parma (Italy)

The natural fibrous datolite [CaB(SiO4)(OH)] evaluated here has
been collected in Berceto, Parma (Italy). This sample is of scientific
importance with no industrial applications so far. The FPTI score of 1.50
(0.1) (Table 3) is one of the lowest calculated values among all mineral
fibres and accounts for its null toxicity/carcinogenicity potential (Fig. 1
and Fig. 2). Parameters of datolite increasing the score are the acicular
crystal habit, hydrophilic character, the small calculated specific surface
area (1.12m?/g), and the negative values of the zeta potential at
pH= 7.4 and 4-4.5. The low overall FPTI score is due to the absence of
metals which cancels the parameters related to their content and release
rates.

4.2.6. Fibrous glaucophane from San Anselmo, Marin County, California
(USA)

The evaluated sample of natural fibrous glaucophane from San
Anselmo, Marin County, California (USA) has been fully characterized
elsewhere [13]. Glaucophane is one of the most abundant minerals of
blueschist-grade rocks in the Franciscan Complex in California. Glau-
cophane fibrous habit is common in blueschist-grade rocks and their
disturbance by anthropogenic activities may cause dust emissions that
expose workers and population. The mean length of the glaucophane
fibres is shorter than 5 pm (L=4.0 pm in Table 3) but the aspect ratio is
greater than 3:1. Glaucophane is biodurable and has negative values of
zeta potential at pH 4.5 [13]. Negative zeta potentials, such as those
displayed by glaucophane, may prompt the formation of hydroxyl rad-
icals, affect apoptosis and favour the binding of collagen and
redox-activated proteins [56]. Glaucophane fibres have a relatively high
ferrous and total iron content. Overall the calculated FPTI of fibrous
glaucophane of 2.77 (0.04) (Table 3) falls within the segment of
amphibole asbestos species, witnessing its toxicity/carcinogenicity
power. The FPTI score of fibrous glaucophane is smaller than that of the
other fibrous amphibole species due to the small size of the individual
fibres (Table 3) shorter than the threshold limit of 5 pm set for acting
successful phagocytosis by alveolar macrophages [28].

4.2.7. Synthetic goethite nano-fibres

The synthetic goethite (FeOOH) nano-fibres evaluated in this work
have been prepared and fully characterized by Kosmulski et al. [38].
Goethite nano-fibres are used for different industrial applications as
catalysts, bio-fillers, nano-composites and many more. Most of the data
used for the evaluation are taken from Kosmulski et al. [38]. The low
FPTI score of 1.73 (0.04) (Table 3) explains the assumption of its minor
toxicity/carcinogenicity potential (Fig. 1 and Fig. 2). Major parameters
responsible for the toxicity effects are the small fibre width (W=0.07 pm
in Table 3), acicular crystal habit, high fibre density, hydrophilic char-
acter, iron content and the rate of iron release. The overall FPTI score is
low because of the nanometric size of the fibres (L=0.47 pm in Table 3),
absence of silica and no metals other than iron.

4.2.8. Natural halloysite nano-tubes from Matauri Bay, Northern Island
(New Zealand)

The evaluated halloysite sample is a commercial “processed” com-
modity [71] from Matauri Bay (North Island, New Zealand). This
product is used in manifold industrial applications. For example, it is



A.F. Gualtieri and M. Leoncini

imported in Europe to manufacture glazes for the industry of traditional
ceramics. The FPTI score is 1.92 (0.10) (Table 3), in the segment of the
negative standards (Fig. 4). The parameter of the model that signifi-
cantly decreases the overall score is the short fibre size (L=1.5 pm in
Table 3) favouring engulfment and clearance of the fibres by alveolar
macrophages [17,28]. On the other hand, the very small width (W=0.13
pm in Table 3) plays a key role in toxicity, inflammatory potential and
carcinogenicity potential of mineral fibres as it influences pulmonary
and pleural deposition depth [17]. The content of iron and metals of the
halloysite nano-tubes is very low [33]. Hence, metals driven Fenton
primary release of cyto-/geno-toxic hydroxyl radicals, responsible for
the toxicity and carcinogenicity of respirable mineral fibres [31], should
be minor. Starting from the dissolution data available for kaolinite [72],
the calculated dissolution time of halloysite at pH= 4 [33] was 1.18 y,
greater than that of non-biodurable chrysotile and much shorter than
that of biodurable fibres like amphibole asbestos an erionite [37].

4.2.9. Synthetic nano-chrysotile

The synthetic iron-free nano-chrysotile evaluated in this work is
described in Lesci et al. [41]. The FPTI score of 1.37 (0.02) (Table 3) is
the lowest calculated value and indicates a null toxicity/carcinogenicity
potential (Fig. 1 and Fig. 2). The low overall FPTI score is due to the
mean fibre length (L=1.0 pm) and the absence of iron and metals which
cancels the parameters related to their content and release rates. The
null predicted toxicity of this synthetic form of nano-chrysotile confirms
the results of in vitro testing by Gazzano et al. [22] showing the
remarkable inactivity of the synthetic chrysotile in all tests performed on
human lung epithelial A549 cells.

4.2.10. Mordenite from Poona (India)

The evaluated mordenite is a natural specimen collection quality
sample from the zeolite collection of the Chemical and Geological Sci-
ences Department of the University of Modena and Reggio Emilia (Italy).
It was collected in the suburbs of Pashan in the Poona district, Maha-
rashtra (India) and was fully characterized by Di Giuseppe [12]. The
FPTI score is 2.02 (0.14) (Table 3) within the segment of the negative
standards (Fig. 4). Fibre size is a potential toxicity factor because more
than 75 % of the fibres are longer than 11 pm and 50 % of the fibres
show a width greater than 0.95 pm [12]. Other major toxicity parame-
ters are the acicular crystal habit, the hydrophilic character, the small
calculated specific surface area (2.04 mz/g), and estimated dissolution
rate of 200 y. Overall FPTI score is decreased by the negligible content of
iron and metals which nullifies the parameters related to their content
and release rates.

4.3. Proposed protocol for the evaluation of mineral fibres

Fig. 5 reports the flow-chart of a proposed protocol for the evaluation
of mineral fibres, showing the role of the FPTI model as preliminary
screening tool to predict the fibre potential of toxicity/carcinogenicity.
If sporadic epidemiologic data, random in vivo, in vitro, or mechanistic
tests are indicative of possible toxicity/carcinogenicity potential of a
mineral fibre, the FPTI model should be applied as preliminary
screening tool eventually in combination with other predictive tools
such as the EPA ToxCast. If the overall FPTI score is within the regions of
carcinogenic fibres (see Fig. 3), in vitro biomarkers and assays to collect
evidence on the 10 KCs [64] should be made. Evidences of the 10 KCs
following the IARC evaluation criteria should be eventually followed by
specific in vivo/mechanistic tests and systematic analysis of the epide-
miologic data. With this body of evidence, IARC evaluation process with
the results reported in a dedicated IARC Monograph should be planned.

To this aim, a number of relevant mineral fibres wait to be clearly
evaluated. Among them fibrous antigorite from New Caledonia [23],
fibrous ferrierite form Lovelock (Nevada, USA) [29], and fibrous talc
form Gouverneur mining district (NY state, USA) [61] just to list a few
fibres not yet or only partly classified to which workers and the
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Indications of possible toxicity/carcinogenicity potential from
(in order of importance)

l Sporadic/preliminary epidemiologic data l

l Random in vivo testing |

I Random in vitro testing |

| Random mechanistic tests |

U

Predictive tools e.g. EPA ToxCast research program
_+,.

FPTI

Preliminary screening of the potential toxicity/carcinogenicity

FPTI score within the field of carcinogenic fibres

7

In vitro protocol of biomarkers and assays to collect evidence
on the 10 key characteristics of carcinogens (Smith et al., 2020)

Evidences of the 10 key characteristics of carcinogens
following the IARC evaluation criteria

U

mechanistic tests

| Verify/improve epidemiologic data l

Body of evidences of toxicity/carcinogenicity

U

TARC evaluation
(dedicated Monograph Volume)

Fig. 5. Proposal of a flow-chart for the evaluation of mineral fibres, high-
lighting the role of the FPTI model as preliminary screening tool to predict the
fibre potential of toxicity/carcinogenicity.

population can be potentially exposed to.
5. Conclusions

The FPTI predictive model serves as innovative advancement in
assessing and categorizing mineral fibres based on their potential
toxicity and carcinogenicity. Over a decade of research has solidified its
role as a screening tool, enabling differentiation between fibres with
varying degrees of potential hazardousness.

It was found that distinct classes for amphibole asbestos, chrysotile,
erionite, and IARC Group 3 fibres can be statistically separated with the
following rank of potential toxicity/carcinogenicity: amphibole asbestos
> erionite > chrysotile. This approach simplifies the preliminary eval-
uation of mineral fibres and focuses attention on those warranting
further investigation.

The importance of parameters such as fibre size, iron/metal content,
and dissolution rate in influencing overall toxicity has been evidenced.
When integrated with predictive tools like EPA ToxCast, FPTI framework
offers a comprehensive protocol for risk assessment.

It is important to observe that FPTI is a basic dynamic predictive tool
that should be considered open to improvement as the estimation of
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some fibre parameters still presents uncertainties related to the limited
of knowledge of their role on inducing biological adverse effects and the
lack of in vivo validation for many fibres. Among the fibre parameters
that require further refinement and upgrading are crystal curvature
(1,3) and habit (1,4), iron nuclearity (1,10), and cation exchange (1,18).

Moreover, its continued application to emerging fibres of industrial,
economic, and social significance ensures relevance in safeguarding
public health. With appropriate parameterisation and calibration, the
FPTI model may also be applied to emerging nanomaterials or engi-
neered fibres, which are gaining relevance in occupational safety, like
carbon (nano)-fibres/tubes or even to fibrous micro-plastics.

The applicative WebFPTI [34] is available online at the link: https://
fibers-fpti.unimore.it/FPTI/ and open to test any fibre data.

The statistical analysis allowed the quantitative evaluation of fibres
unclassified to date. Fibrous nano-anatase, nano-goethite, calcite and
datolite have now been evaluated and resulted to be non-hazardous.
Short chrysotile fibres (L<5um) also fell outside the class of carcino-
genic chrysotiles but above the threshold limit for potentially toxic/
carcinogenic fibres.

This methodology supports the global mission of health and envi-
ronmental institutions in mitigating exposure risks, fostering a proactive
stance towards minimizing the adverse effects of hazardous fibres. To
this aim, relevant mineral fibres wait to be further evaluated. Among
them, fibrous antigorite from New Caledonia, fibrous ferrierite from
Lovelock (Nevada, USA), and fibrous talc form Gouverneur mining
district (NY state, USA) are examples of mineral fibres partly or not yet
classified to which professional and/or environmental exposure is
possible.

Environmental implications

This work presents a statistical analysis of the data collected in 10
years with the FPTI predictive model aimed at evaluating the toxicity/
carcinogenicity potential mineral fibres. The analysis allowed us to
create representative classes of values for amphibole asbestos, chryso-
tile, erionite, and non-carcinogenic fibres, well-known hazardous agents
classified by the IARC) as carcinogens. These classes can be used for the
ab initio evaluation of mineral fibres of industrial, economic or social
importance not classified to date. This work helps addressing environ-
mental problems because it ranks the toxicity and pathogenicity po-
tential of chrysotile, still used worldwide, amphibole asbestos and
erionite.
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