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Abstract: Today, despite considerable efforts undertaken by the scientific community, the mechanisms
of carcinogenesis of mineral fibres remain poorly understood. A crucial role in disclosing the
mechanisms of action of mineral fibres is played by in vitro and in vivo models. Such models require
experimental design based on negative and positive controls. Commonly used positive controls are
amosite and crocidolite UICC standards, while negative controls have not been identified so far. The
extensive characterisation and assessment of toxicity/pathogenicity potential carried out in this work
indicate that the commercial fibrous wollastonite NYAD G may be considered as a negative standard
control for biological and biomedical tests involving mineral fibres. Preliminary in vitro tests suggest
that wollastonite NYAD G is not genotoxic. This material is nearly pure and is characterized by very
long (46.6 µm), thick (3.74 µm) and non-biodurable fibres with a low content of metals. According to
the fibre potential toxicity index (FPTI) model, wollastonite NYAD G is an inert mineral fibre that is
expected to exert a low biological response during in vitro/in vivo testing.

Keywords: fibrous wollastonite; mineral fibres; standard; negative control; FPTI

1. Introduction

In recent years, awareness of the health risk posed by asbestos has led to a growing
interest in the study of mineral fibres [1–10]. Asbestos is a commercial term that desig-
nates six mineral fibres (i.e., amosite, asbestos actinolite, asbestos anthophyllite, asbestos
tremolite, chrysotile and crocidolite) widely known and used in the past for a huge num-
ber of industrial applications but currently classified as carcinogenic to humans by the
International Agency for Research on Cancer (IARC) [11]. According to evidence from
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epidemiological investigations and laboratory studies [11], the inhalation of airborne as-
bestos fibres (from occupational or environmental exposure) is associated with an increased
risk of developing pulmonary diseases like fibrosis (i.e., asbestosis), pleural abnormali-
ties (effusions and plaques) and malignancies (e.g., lung carcinoma and mesothelioma).
Driven by the results of asbestos studies, recent investigations have demonstrated that
other mineral fibre species may be responsible for adverse human health effects [12,13].
For instance, lung malignancies development has been observed in populations exposed to
fibrous erionite in Turkey [14], fibrous fluoro-edenite in Italy [8,13], fibrous winchite and
richterite in the USA [5,9], and fibrous antigorite in New Caledonia [7]. IARC currently
classifies the following mineral fibres in Group 1 “Carcinogens for humans”: asbestos [11],
fibrous erionite [12] and fibrous fluoro-edenite [13]. At the same time, other mineral fibres
have been classified in Group 3: fibrous sepiolite [15], fibrous wollastonite [16], fibrous
mordenite [17] and short fibres (fibre length < 5 µm) of palygorskite [18]. The Group
3 category concerns agents for which the evidence of carcinogenicity is inadequate for
humans and inadequate or limited for animals [19].

Although the aetiology of mineral fibre-related diseases has been the subject of exten-
sive studies [1,14,20–23], the actual mechanisms by which these particles induce adverse
effects in vivo are not fully understood to date. However, much progress has been made
in identifying the properties of mineral fibres that make them cyto-genotoxic agents [24].
One of the most important features is their size. Mineral fibres (especially those with
length > 8 µm and width < 0.25 µm) due to their elongated crystal habit cannot be com-
pletely engulfed by macrophages whose cell diameter generally ranges from approximately
10 to 20 µm [25–27]. This leads to frustrated phagocytosis, which is characterized by ac-
tivation of the oxidative burst and release of reactive oxygen (ROS) and nitrogen species
(RNS) [28]. Prolonged production of ROS/RNS leads to oxidative stress, chronic inflamma-
tion and DNA damage [21,28]. The size of the fibres plays a key role especially in the onset
of malignant mesothelioma (MM) [24,25,27]. The small width of the mineral fibres (<3 µm)
allows them to reach the pleural cavity [25,27]. The short fibres, with length < 5 µm, leave
the pleura through the stomatal openings in the parietal pleura and end up in the lymphatic
capillary system [27]. Conversely, stomata are the site of retention of long fibres (>5 µm)
which cannot negotiate them [27]. The persistence of the fibres in the pleural space induces
chronic inflammation and damage to the mesothelial cells [20,21]. The biopersistence of
fibres, defined as their ability to persist in the human body to chemical, physical, and other
physiological clearance mechanisms, is another important factor [27,29]. As a matter of
fact, to induce chronic inflammation, fibres must persist within the lung tissue and remain
chemically and physically unaltered [20,27]. The presence of iron and other metals in the
mineral fibres play a key role in the fibre-induced oxidative stress [30]. Available redox-
active metals on the fibre surface or released during its partial dissolution promotes the
generation of ROS through Haber–Weiss and Fenton reactions [24]. The current knowledge
of the physical/chemical and morphological properties of mineral fibres responsible of
adverse effect in vivo has recently been revised and improved by Gualtieri [24]. Based on
these properties, Gualtieri [24] also proposed a quantitative predictive model of potential
toxicity/pathogenicity of mineral fibres. This model delivers a fibre potential toxicity
index (FPTI) aimed at predicting the toxicity/pathogenicity of minerals fibres [24]. To
calculate the FPTI, the model considers all the mineral fibres parameters inducing bio-
chemical mechanisms responsible for in vivo adverse effects, i.e., morphometric-, chemical-,
biodurability-related, and surface activity-related parameters [24].

Overall, the toxicity mechanism of mineral fibres is linked to several cell-fibre in-
teractions that are regulated by complex cell processes and intercellular relationships
investigated through in vitro and in vivo models [20–23,31–40]. In vitro and in vivo bioas-
says provide reliable information on the cellular and tissue response following exposure
to hazardous mineral fibre. Bioassays invariably require positive and negative controls
in their experimental procedures [41,42]. Basically, positive and negative controls are
used as a reference to estimate, by comparison, the in vitro or in vivo response of the test
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substance [41,42]. In toxicity studies, a negative control is a specific substance or sample
included in the experimental procedure that is treated in the same way as all other samples
but which is not expected to induce toxic effects [41]. The crucial role of a negative control
is to avoid non-causal associations between exposures and test results, which can lead to
misinterpretation [42]. On the other hand, the positive control sample has an expected
toxic effect and will attest that the experimental protocol has been carried out correctly [41].
Consequently, the ideal positive control is a sample that has a predictable toxic and/or
pathogenic effect when tested in vitro and/or in vivo systems, respectively. Currently,
amosite (NB #4173-111-4) and crocidolite UICC standards (NB #4173-111-3) are recognized
by the scientific community as the most suitable positive reference materials for testing
on mineral fibres [31–40]. Conversely, there is no consensus on the standard materials
to be used as negative controls. In the few studies on mineral fibres in which a negative
control was included in the experimental items, glass beads were mainly used for in vitro
tests [39,40] and salt solutions or distilled water for in vivo tests [32]. However, an ideal
negative control should provide a response comparable to that of the test substance [41].
Therefore, the suitable negative control should be a non-toxic mineral fibre. The present
work, based on a detailed characterization and evaluation of the sample by the FPTI model,
shows that fibrous wollastonite may be used as a reference negative control in biological
assays on mineral fibres.

Wollastonite is a single-chain inosilicate, with ideal chemical formula CaSiO3 and
a chain repeat unit of three silicon-oxygen tetrahedron (Si3O9)6− [43–45]. The chains of
tetrahedra are linked to three columns of Ca-centred octahedral or pseudo-octahedral
deformed polyhedra [44,45]. Because of the size mismatch of the tetrahedral and octa-
hedral units, the tetrahedra are tilted to accommodate their apices to the apices of the
octahedra [44,45]. Tetrahedral chains are organised in pairs composed of inversion-related
chains extending along b-axis [44,45]. Wollastonite form polytypes that arise through the
variation of the unit-cell stacking along the a-axis [44,45]. Detailed information on the
crystal-chemistry and structural characteristics of wollastonite polytypes can be found in
the works of Angel [44] and Mazzucato and Gualtieri [45].

Wollastonite is a ubiquitous mineral and is known to develop crystals with an acicular
and/or fibrous crystal habit [43,46]. This morphology confers high strength and makes
wollastonite of considerable importance for industrial applications [46]. Wollastonite is
extensively used for the production of paint [47], coatings [48], ceramics [49], paper [50],
resins [51] and polymers [52]. Due to its chemical stability and thermal resistivity, fibrous
wollastonite is used as substitute for asbestos in the manufacture of building material [53].
In addition to its traditional uses, wollastonite has also been used as a bioactive material
for biomedical applications [54], soil conditioner for agricultural purposes [55], pollutant
absorber for environmental applications [56] and raw material for carbonation reactors
used for CO2 sequestration [57]. The main wollastonite mines are located in China, Finland,
India, Mexico, and the USA [46]. According to worldwide mine production data published
by the United States Geological Survey (USGS), the global leader in wollastonite production
is China with an estimated 890,000 t in 2020. India follows with 120,000 t. Mexico and
Canada are in third and fourth place with about 100,000 and 20,000 t, respectively [58].
USA production data missing from USGS reports, but estimated to be substantial and
unchanged from 2019 [58].

Because wollastonite used for industrial applications may contain respirable fibres,
potential health issues associated with this material have raised general concerns [16,46,53].
A comprehensive review of toxicological and epidemiological data concerning wollastonite
can be found in Maxim et al. [46]. As extensively explained in that review, it is not possible
to unequivocally exclude that wollastonite is a potential hazard to humans; however, its
potential is considered to be low because, as evidenced by in vivo tests, wollastonite has
a low biopersistence [46,53]. Epidemiological data on wollastonite are limited, but the
available data do not suggest that workers exposed to this mineral are at significant risk of
an increased incidence of lung cancer or MM [16,46,53]. In Monograph 68, the IARC stated
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that there is insufficient evidence in both humans and animals for the carcinogenicity of
wollastonite [16].

Our study focused on commercial wollastonite NYAD G from Essex County, New York
(USA). The sample was thoroughly characterised using a suite of experimental techniques,
to determine morphometric, chemical, biodurability, and surface activity parameters. These
parameters were used to calculate the FPTI and assess the potential toxicity/pathogenicity
of wollastonite NYAD G. Additionally, to consolidate the results obtained through the FPTI
model, an in vitro genotoxicity test was performed on wollastonite NYAD G. Specifically,
the double-strand DNA breaks induced by wollastonite NYAD G was examined in human
monocytic THP-1 cell line by γH2AX assay. Crocidolite UICC standard was tested for
comparison.

2. Materials and Methods
2.1. Source of the Sample and Geological Overview

In this study, a commercial sample of wollastonite NYAD G from Willsboro-Lewis
mining district (New York, NY, USA) in the eastern Adirondack Mountains, has been
investigated. Wollastonite NYAD G is produced by NYCO Minerals Inc., a subsidiary of
Imerys. NYCO Minerals is the leading North American supplier of wollastonite and its
mining production covers large part of the global demand for wollastonite [59]. Wollas-
tonite NYAD G is a raw material commonly used as a reinforcing and thermal insulating
agent for the production of protective coatings.

A complete and accurate description of the geological features of the Willsboro-Lewis
mining district and geodynamic processes that characterized the tectonics of this area can
be found in Whitney and Olmsted [60] and Peck and Bailey [61]. Briefly, Willsboro-Lewis
mining district is a mixed zone made up of mafic (anorthositic to gabbroic) gneiss, granitic
gneiss, amphibolite, quartzite, pelite, calc-silicate, marble, and skarn. The ore zone is
characterized by layers containing wollastonite, garnet (grossular-andradite mixtures)
and clinopyroxene, produced by hydrothermal metasomatism. Before being marketed,
wollastonite undergoes various industrial treatments to remove impurities [53].

2.2. X-ray Powder Diffraction (XRPD)

XRPD data were collected using a conventional Bragg–Brentano Philips diffractometer
(model PW-1729), with θ–2θ geometry, CuKα radiation, 40 kV, 30 mA and gas-filled
proportional detector (Malvern Panalytical, Malvern, UK).

The sample is supplied in powder form, so it does not need to be milled before running
the analysis. Wollastonite powder was mounted in sample holders using a side-loading
technique. A step scan of 0.02 ◦2θ was used with a time of 3 s/step in the 5–65◦ 2θ range.
The incident beam pathway included: 1/2◦ divergence slit, 1/2◦ anti-scattering slit. The
XRPD pattern of wollastonite NYAD G was analysed using the X-Pert High Score Plus
suite [62].

2.3. Thermogravimetric Measurements and Analysis of the Evolved Gases with Mass Spectrometry

Thermogravimetric (TG) analyses were performed with the thermal analyser Seiko
SSC 5200 (Seiko Instruments Inc., Chiba, Japan) paired with a quadrupole mass spec-
trometer (ESS, GeneSys Quadstar 422) to analyse gases released during thermal reactions
(MSEGA) (ESS Ltd, Cheshire, UK) mpling is through an inert, fused silicon capillary system,
heated to prevent condensation. The intensity of the signal of selected target gasses were
collected in multiple ion detection mode (MID) using a secondary electron multiplier oper-
ating at 900 V. More specifically, we measured the intensity of the signals of the m/z ratios
18 for H2O, 30 for NO, 44 for CO2, 64 for SO2, where m/z is the ratio between the mass
number and the charge of the ion. The heating condition were 20 ◦C/min in the thermal
range 25–1000 ◦C using ultrapure helium at a flow rate of 100 µL/min as purging gas.
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2.4. Scanning Electron Microscopy

Morphometric investigation of wollastonite NYAD G was performed using a JSM-
6010PLUS/LA (JEOL Ltd., Musashino, Japan) scanning electron microscope (SEM) equipped
with an energy-dispersive X-ray (EDX) spectrometer (Oxford INCA-350) (Oxford Instru-
ments, Abingdon-on-Thames, UK). The sample was prepared as follows: some milligrams
of the sample were suspended in 5 mL of water and a drop of the suspension was placed
on conductive double-stick carbon tape attached to an aluminium stub. After complete
evaporation of the water, the sample was coated with a thin film of carbon (10 nm thick)
using a Carbon Coater-Balzers CED-010. A series of representative SEM images were anal-
ysed using ImageJ software, which provides accurate measurements of fibre length and
width [63].

2.5. Determination of the Specific Surface Area

Specific surface area (SSA) of the sample was determined using the BET-method [64].
The SSA analyses were carried out using a Gemini V Micromeritics instrument (Micromerit-
ics Instrument Corp., Norcross, GA, USA) [65], with nitrogen as probe gas. About 300 mg
of sample dehydrated at 100 ◦C for 24 h was mounted in the sample holder and condi-
tioned at 50 ◦C prior to measurement. The analysis was carried out at the temperature
of −196 ◦C. Measurements were conducted with an equilibration time of 10 s and the
saturation pressure of 777.280 mmHg.

2.6. Determination of the Density

Density (ρ) of the sample was measured using a gas pycnometer AccuPyc II 1340 Mi-
cromeritics (Micromeritics Instrument Corp., Norcross, GA, USA) [65]. Helium with a total
purity > 99.999% mol was used as dispersion medium.

2.7. Determination of the Zeta Potential

The zeta potential of the sample was determined using a Zetasizer Nano Series
Malvern instrument. Analyses (Malvern Panalytical, Malvern, UK) were performed using
double-distilled water and artificial lysosomal fluid (ALF) solution (pH = 4) [65,66]. The
latter was used to simulate the lysosomal environment [66]. Sample powder was added
to the dispersants in a weight percentage of 0.1% and subjected to ultrasonic treatment
for 15 min. Zeta potential measurements were conducted at a temperature of 37 ◦C,
equilibration time of 120 s and different pH (from 2 to 11). A few drops of HCl 1N were
added to the suspension to obtain a pH of 2. The pH was then raised up to 11 using
NaOH 0.1 N. The pH was monitored using a HANNA edge pH-meter. Zeta potential
measurements were collected three times for each sample to check the reproducibility of
the results.

2.8. Electron Probe Micro Analysis (EPMA)

Quantitative chemical composition of the wollastonite NYAD G fibres was obtained
using a JEOL 8200 SuperProbe Electron Probe Microanalyzer (JEOL Ltd., Musashino, Japan)
equipped with a Wavelength-Dispersive X-ray (WDS) spectrometer system and W hairpin
type filament. Detectable wavelength is 0.087 to 9.3 nm. Atomic number resolution on BSE
(Z): less/equal than 0.1 (CuZ). The following analytical conditions were used: excitation
voltage of 15 kV, specimen current of 5 nA, peak-count time of 30 s, background-count
time of 10 s. The instrument is also equipped with an EDX system characterized by a
detectable element range: Na to U, energy resolution: 144 eV and lithium (Li)-doped silicon
single-crystal semiconductor detector. Before we carried out the analysis, an aliquot of the
sample was embedded in epoxy resin (shaped into a disc with a diameter of 25 mm), then
polished to achieve a flat, shiny, surface [65]. The following elements were determined for
each spot analysis (detection limits are indicated in brackets): Al (0.04 wt%), Ca (0.02 wt%),
Fe (0.04 wt%), K (0.01 wt%), Mg (0.03 wt%), Mn (0.04 wt%), Na (0.03 wt%), Si (0.04 wt%),
Ti (0.03 wt%), Ni (0.05 wt%), Cr (0.04 wt%), Pb (0.06 wt%), V (0.10 wt%), Co (0.04 wt%), Cu
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(0.05 wt%), Zn (0.07 wt%), Sb (0.08 wt%), As (0.14 wt%), Hg (0.09 wt%) and Cd (0.04 wt%).
The standards utilized were: mono-elemental standard for V, Cr, Co, Cu, Cd, Sb and Zn;
nickeline for Ni and As; galena for Pb; omphacite for Na; orthoclase for K; mercuric sulfide
for Hg; rhodonite for Mn; forsterite for Mg; fayalite for Fe; ilmenite for Ti; grossular garnet
for Al, Si and Ca.

2.9. Mössbauer Spectroscopy

Room temperature Mössbauer spectra were collected at the Department of Chemical
Science (University of Padova), by means of a conventional constant acceleration spec-
trometer mounting an 57Co source, nominal strength 1850 MBq. The sample was prepared
by mixing ≈ 70 mg of wollastonite, gently crushed in acetone, with Vaseline. The thin
absorber thickness was checked according with [67] and the effect of thickness consid-
ered inappreciable. The spectrum was fitted to Lorentzian line shapes with the minimum
number of components, by using Recoil software [68]. The hyperfine parameters isomer
shift (δ), quadrupole splitting (∆), half linewidth at half maximum (Γ+) were expressed in
mms−1, while the relative area (A) in %.

2.10. X-ray Photoelectron Spectroscopy (XPS)

XPS measurements were taken to reveal the Fe2+/Fe3+ ratio at the close-to-surface
layers of wollastonite fibres. XPS spectra were acquired with an OMICRON EA125 electron
hemispherical analyser (Omicron NanoTechnology, Taunusstein, Germany) operated at
25 eV of pass energy at normal emission and a double anode XR3 VG source, delivering
Mg Kα photons (1253.6 eV), at 15 kV, 18 mA.

2.11. Ultraviolet-Visible (UV-Vis) Spectroscopy

An UV-Vis spectrum of wollastonite NYAD G was collected in diffuse reflection using
a JASCO model V-570 UV/VIS/NIR spectrometer equipped with a 60 mm integrating
sphere (Jasco ISN-470) and PSH-001 powder sample holder (JASCO Corp., Tokyo, Japan).
UV-Vis adsorptions were recorded at room temperature with scanning speed 1000 nm/min
and converted into the Kubelka–Munk function [69]. Deconvolution of the spectrum was
performed with the PeakFit 4.12 software (Systat Software Inc., San Jose, CA, USA) [70].

2.12. Biodurability

Biodurability of the sample was evaluated by in vitro acellular dissolutions tests in
batch reactors at 37 ◦C [29,65]. Batch leaching tests were conducted using 25 mg of sample
and 250 mL of ALF solution at pH = 4.5 [65]. The degree of dissolution was determined by
measuring the change of the sample mass after different times: 24 h, 48 h, 1 week, 2 weeks,
1 month, 2 months and 3 months [65]. A detailed description of the procedure used for
the analysis of dissolution data and determination of kinetic parameters can be found in
Gualtieri et al. [71].

2.13. Determination of the Fibre Potential Toxicity Index (FPTI) of Wollastonite

To calculate the FPTI of a mineral fibre, the model considers morphometric, chemical,
biodurability related, and surface parameters of mineral fibres that affect their toxicity and
pathogenicity upon inhalation [24]. Table 1 summarizes the parameters of the model used
for the calculation of the FPTI of wollastonite NYAD G.
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Table 1. The parameters used and the calculated fibre potential toxicity index (FPTI) for the fibrous wollastonite NYAD G
(New York, USA). For comparison, the values calculated for fibrous wollastonite NYAD G staring form literature data [24],
asbestos tremolite from Val d’Ala (Italy) [24] and chrysotile from Balangero (Italy) [65] are reported.

Parameters Classes
Normalized

Score
FPTIi

Chrysotile,
Balangero

[65]

Asbestos Tremolite,
Val D’Ala

[24]

Wollastonite
NYAD G

[24]

Wollastonite
NYAD G

[This Study]

Length
>5 µm and <10 µm

>10 µm and <20 µm
>20 µm

0.10
0.20
0.40

0.40 0.40 0.20 0.40

Diameter
>1 µm and <3 µm

>0.25 µm and <1µm
<0.25 µm

0.10
0.20
0.40

0.10 0.10 0.10 0.00

Crystal curvature
Flat surface

Altered surface
Cylindrical surface

0.05
0.10
0.20

0.20 0.05 0.05 0.05

Crystal habit
Curled

Mixed curled/acicular
Acicular

0.10
0.20
0.40

0.10 0.40 0.40 0.40

Fibre density
<2.75 g/cm3

>2.75 and <3.5 g/cm3

>3.5 g/cm3

0.05
0.10
0.20

0.05 0.10 0.10 0.10

Hydrophobic
character of the

surface

Hydrophobic
Amphiphilic
Hydrophilic

0.05
0.10
0.20

0.20 0.20 0.20 0.20

Surface area
>25 m2/g

<25 and >5 m2/g
<5 m2/g

0.05
0.10
0.20

0.05 0.20 0.20 0.20

Total iron content
Fe2O3 + FeO wt% < 1

1 < Fe2O3+FeO wt% < 10
Fe2O3 + FeO wt% > 10

0.05
0.10
0.20

0.10 0.10 0.05 0.05

Ferrous iron
0 < FeO wt% < 0.25
0.25 < FeO wt% < 1

FeO wt% > 1

0.05
0.10
0.20

0.20 0.20 0.05 0.10

Surface ferrous
iron/iron nuclearity

Fe2+ nuclearity > 2
Fe2+ nuclearity = 2
Fe2+ nuclearity = 1

0.02
0.033
0.067

0.033 0.033 0.02 0.067

Content of metals
other than iron *

∑
i

Ci
Li

< 1

1 < ∑
i

Ci
Li

< 5

∑
i

Ci
Li

> 5

0.10
0.20
0.40

0.40 0.40 0.10 0.10

Dissolution rate
log(R) **

<1 y
>1 and <40 y

>40 y

0.05
0.10
0.20

0.05 0.20 0.05 0.05

Velocity of iron
release ***

<0.1
>0.1 and <1

>1

0.033
0.067
0.133

0.133 0.067 0.033 0.067

Velocity of silica
dissolution ****

<0.5
>0.5 and <1

>1

0.02
0.033
0.067

0.067 0.033 0.067 0.067

Velocity of release of
metals *****

<1
>1 and <10

>10

0.033
0.067
0.133

0.133 0.133 0.067 0.033

Zeta potential Negative at pH = 4.5
Negative at both pH = 4.5 and 7

0.10
0.20 0.10 0.20 0.20 0.20

Fibres’ aggregation
Zeta potential > |20|

|10| < Zeta potential < |20||0|
< Zeta potential < |10|

0.033
0.067
0.133

0.033 0.067 0.033 0.033

Cation exchange
(in zeolites)

Cation Exchange
No cation exchange

0.067
0.00 0.00 0.00 0.00 0.00

FPTI (error) 2.35(0.22) 2.88(0.43) 1.92(0.30) 2.12(0.18)

* detailed description of the parameter “non-iron metal content” is given in reference [24]; ** the total dissolution time of the fibre calculated
in years (y) [71]); *** 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; **** 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, Be) divided by the total dissolution time
(y) of the fibre.
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The length and width of mineral fibres are key factors in mineral fibre-induced frus-
trated phagocytosis and inflammation process [24,25,27]; while the curvature of the surface
of the fibres plays a role in the proteins binding process and influence cell adhesion [24].
The crystal habit and density of a fibre influences its depositional pathway in the res-
piratory tract [24]. The surface area (expressed as BET-SSA) is a parameter that affects
the biodurability and biopersistence of mineral fibres [24,71]. SSA directly influences the
dissolution rate of a fibre and is included as a factor in the equation used to determine its
apparent dissolution rate (R) [24,71]. A larger surface area determines a higher reactivity
of the mineral fibres in solution. In acidic environment (as the one found in lung tissue)
particles with large surface area (e.g., chrysotile fibres) are more reactive than those with
low surface area (e.g., tremolite fibres) [24,71]. The hydrophobic character of a fibre rules
the interaction with biopolymers and phagocytic cells [24]. Iron of mineral fibres promotes
the formation of ROS and RNS [24]. The main role in the catalysis of the reductive oxide
processes associated with the production of ROS/RNS is played by Fe2+ [24]. Reactivity
of iron is related to its nuclearity (i.e., number of iron atoms joined in single coordination
entity by bridging ligands) [24]. The content of potential toxic metals is important as these
elements are capable of induction inflammation activity in vivo [24,29]. Dissolution rate
is the key parameter of fibre biodurability [71]. A fibre with a high dissolution rate is
assumed to have a low biodurability and in principle is less toxic than a fibre with high
biodurability [24,71]. The rate of dissolution of iron, silica and metals controls the release
into the extracellular space of substances that may generate ROS and RNS [24,29,71]. The
zeta potential quantitatively assesses the electrical charges surrounding the fibres. This pa-
rameter may affect the haemolytic activity, ROS production, fibre encapsulation, apoptosis
and fibre’s aggregation [24]. The cation exchange capacity is a property of fibrous zeolites
like erionite. Zeolites can release or exchange cations in an organic medium such as the
cytoplasm and interfere with cell cycles [24].

For each parameter, a score is assigned depending on its measured value and its
supposed capability in inducing adverse effects (Table 1). Because the parameters of the
model can be correlated with each other, a hierarchical scheme considering the cross-
correlations is applied [24,72]. A weighing scheme is associated with each parameter
of the model according to its step/hierarchy H where w1 = 1/H with H = 1, 2 or 3. A
weight defined as w2 = 1/U is also applied to each parameter of the model. It accounts
for the uncertainty in the determination of a specific parameter (n, m) and is defined by
the penalty parameter U (1 = low to null uncertainty, 2 = some degree of uncertainty,
3 = high uncertainty). Having defined the weighing scheme of the parameters, the FPTIi is
calculated according to Equation [24]:

FPTIi =
n

∑
i=1

w1·w2·Ti

with Ti = class value of the parameter i of the model; w1 = 1/H weight of the parameter
according to its hierarchy H; w2 = 1/U weight of the parameter according to the uncertainty
U of its determination.

2.14. In Vitro DNA Damage Quantification

The human monocytic cell line THP-1 was obtained from the American Type Culture
Collection (LGC Standards srl, Milan, Italy). Cells were cultured at 37 ◦C in a humidified,
5% CO2 atmosphere in RPMI-1640 with L-glutamine 2 mM (Euroclone, Milan, Italy), supple-
mented with 10% FBS (Euroclone), 50 µM β-mercaptoethanol and penicillin/streptomycin
as antibiotics (Corning Inc., Corning, NY, USA).

The presence of double-strand breaks in the DNA of THP-1 monocytic cell line were
analysed by evaluating nuclear γH2AX histone foci [73]. THP-1 monocytes were seeded in
eight-well Lab-Teck chambered slides at 75,000 cells/well in complete medium and the
day after they were induced to polarize to M0 macrophages by adding 20 ng/mL phorbol-
12-myristate 13-acetate (PMA, PeproTech EC, London, UK) to the culture medium for 48 h.
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Subsequently, non-adherent cells were removed and M0 macrophages and incubated or not
(control) with 50 µg/mL of crocidolite UICC or wollastonite NYAD G. After 24 h, cells were
stained with anti-γ H2AX antibody (Abcam), while the nucleus was coloured with 2 µg/mL
propidium iodide. Images were acquired with a Leica TCS SL confocal microscope with
an HCX PL APO CS 63.0 × 1.40 oil objective. The nuclei images (4.0 × digital zoom) were
acquired with the fluorescent foci of double-strand breaks in the DNA in green and the
propidium iodide-positive nuclei in red (excitation at 488 nm for both and emission range
of 500–550 nm and 600–670 nm, respectively).

3. Results
3.1. Characteristics of Wollastonite NYAD G

Wollastonite occurs in nature in association with other mineral phases, some of which
can be potential toxic contaminants, e.g., crystalline silica and asbestos [53]. The sample
characterisation carried out in this work has unequivocally demonstrated that there is
no contamination with asbestos or other hazardous phases in the wollastonite NYAD G
sample.

The XRPD pattern (5–65 ◦2θ) of the sample is shown in Figure 1a. The qualitative
mineralogical analysis showed that wollastonite NYAD G mainly contains wollastonite-1A
polytype. As shown in Figure 1b, all peak positions in the sample XRPD pattern match
those associated with wollastonite-1A (JCPDS card 01-073-1110). The presence of calcite in
the sample was evidenced by TG analysis (Figure 2). The thermogravimetric analyses and
its first derivative (DTG) curves (Figure 2a) showed one main thermal event between 535
and 765 ◦C with maximum reaction rate at 650 ◦C and a mass loss of 0.44 wt%. The MSEGA
curves (Figure 2b) clearly evidenced the release of CO2 (m/z = 44) in the same thermal
range, suggesting that the reaction is due to decarbonation. The mass loss which occurs
before this reaction is essentially due to the removal of physio adsorbed water (mass loss of
about 0.3 wt% between 25 and 535 ◦C), as mirrored by the almost analogue variation of the
intensity of the signal related to water (m/z = 18, Figure 2b). No reaction associated with
NO and/or SO2 was observed. Decarbonation reactions can occur at varying temperature
values (usually between 550 and 850 ◦C) depending on both the cation and the overall
sample characteristics, such as the occurrence of other phases, genetic conditions, degree
of alteration, etc. [74]. Wollastonite forms essentially by thermal metamorphism of rocks
containing silicates and calcium carbonate. Therefore, although the XRPD pattern does not
shows peaks unequivocally related to calcium carbonate, it is likely that the decarbonation
is due to thermal decomposition of calcite, although the pure term should decompose at
significantly higher temperature (about 780 ◦C). From the associated mass loss, it can be
calculated that the amount of calcite in the sample is approximately 1.0 wt%.

Figure 3 shows a selection of SEM images and an EDX spot analysis of the sample.
Wollastonite NYAD G consists of long thick fibres with a low degree of flexibility. The
fibres display a flat surface, regular terminations and a straight shape. The summary
statistics of the morphometry of the wollastonite fibres are reported in Table 2. The
data show a wide range of lengths, with values ranging from 8.17 to 228 µm, but long
fibres predominate in the population (Table 2). In fact, more than 75% of wollastonite
fibres are longer than 21.5 µm. The average length (L) of wollastonite NYAD G fibres is
46.6 µm. The width (W) of the fibres range overall between 1.09 and 18.1 µm, but 75% of
the fibres display a width of greater than 2.42 µm (Table 2). The average fibre width is
3.74 µm. All of the fibres have an aspect ratio (L/W) > 4:1 (average 13). The relationship
between fibre size and carcinogenicity has been widely discussed in the literature [24,25,27].
However, it is commonly recognised that respirable size fibres with relevant biological
activity are those longer than 5 µm, with widths of less than 3 µm and with an aspect ratio
of >3:1 [24,72,75]. Although all of the observed wollastonite fibres meet the length and
aspect ratio criteria, 50% of them do not have the ideal W to be defined regulated mineral
fibres (Table 2) [75]. Typical EDX spectrum of wollastonite NYAD G is shown in Figure 3d.
Qualitative analysis of the spectrum showed that the sample is composed mainly of Si and
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Ca. SEM-EDX analysis revealed the presence of isolated calcite crystals within the sample.
A representative image of the calcite is shown in Figure S1 deposited in the Supplementary
Materials together with the EDX spectrum that enabled its recognition.

Figure 1. (a) X-ray diffraction pattern of wollastonite NYAD G. (b) Comparison of diffraction peaks of wollastonite NYAD
G with the diagnostic peaks of wollastonite-1A (JCPDS card 01-073-1110).
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Figure 2. (a) Thermal analyses (TG, solid line) and first derivative (DTG, dashed line) curves of the wollastonite NYAD G.
(b) Evolved gas mass spectrometry (MS-EGA) of the sample. arb. un. (arbitrary units).
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Figure 3. Representative scanning electron microscopy (SEM) images (a–c) and energy-dispersive X-ray (EDX) spectrum
(d) of wollastonite NYAD G fibres. (a,b) SEM images show that the sample consists of elongated particles of different sizes.
(c) Single acicular fibre with flat surface, parallel sides, regular terminations and a straight shape. (d) Typical EDX spectrum
of wollastonite. Qualitative analysis shows that the sample is composed mainly of Si and Ca. Traces of Na, Fe and Al
also occur.

Table 2. Summary statistic of wollastonite fibres geometry (n = 200). L (length); W (width); Min
(minimum); Max (maximum); σ (standard deviation).

Percentiles *

Min 5th 25th 50th 75th 95th Max Average σ

L (µm) 8.17 13.6 21.5 32.7 57.4 132 228 46.6 38.1
W (µm) 1.09 1.40 2.42 3.17 4.46 7.20 18.1 3.74 2.29

* Percentile indicates the minimum value below which a given percentage of the other elements under observation
falls. Example: 25th percentile states that the 25% of fibres have L ≤ 25.1 µm and W ≤ 2.42 µm.

The density (ρ) of wollastonite NYAD G is 2.98(0.003) g/cm3 a value that agrees with
those reported in the literature, i.e., 2.86–3.09 g/cm3 [76].

SSA of the wollastonite NYAD G is 0.50 ± 0.01 m2/g. Compared to other mineral
fibres [71], wollastonite has a very low SSA (Table 3). SSA of the fibrous wollastonite is
about 20 times lower than amosite and fibrous tremolite and 30 times lower than crocidolite.
Chrysotile is the mineral fibre with the absolute highest SSA (Table 3).

Table 3. Kinetic parameters calculated for the dissolution of wollastonite NYAD G and other mineral fibres [71]. Table
contains the specific surface area (SSA), apparent rate constant (k), the apparent dissolution rate (R), and the calculated
dissolution time for a 0.25 µm tick fibre (t).

SSA (m2g−1) k (s−1) R (mol·m−2s−1) t(d) t (y)

Wollastonite NYAD G 0.50(0.01) 1.98(3) × 10−6 1.59(3) × 10−4 30 (15) 0.08 (4)
Balangero chrysotile 42.0(1) 1.8(6) × 10−10 1.7(6) × 10−10 124 (41) 0.3 (1)

UICC amosite 9.5(3) 6.1(6) × 10−14 2.7(3) × 10−13 27,010 (2647) 74 (7)
UICC anthophyllite asbestos 4.4(2) 1.2(3) × 10−13 1.0(3) × 10−13 83,950 (20,990) 245 (64)
Val d’Ala tremolite asbestos 9.2(3) 5.4(9) × 10−14 4.5(7) × 10−13 17,885 (2981) 49.0 (8)

UICC crocidolite 16.1(6) 1.3(3) × 10−13 3.2(7) × 10−13 24,090 (5840) 66.0 (16)
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Hydrophobicity and hydrophilicity are properties related to the surface characteristics
of the fibres [25,77–80]. Non-polar minerals are hydrophobic, while polar minerals such
as silicates (except talc) are hydrophilic [77,78]. Natural wollastonite is a well-known
hydrophilic mineral [77,79,80]. Because wollastonite NYAD G is a raw material with
preserved natural surface characteristic, we can assume that it possesses a hydrophilic
character.

Results of the zeta potential analyses as a function of pH are illustrated in Figure 4.
Overall, when the pH of the suspension increases, the zeta potential decreases in both
double-distilled water and ALF solution (Figure 4). In the pH range between 2 and 11, the
zeta potential of the sample varies from −0.3 to −39 mV in double-distilled water, and
ranges from 1.6 to −28 mV in ALF solution.

Figure 4. Zeta potential versus pH curves. Black line: wollastonite NYAD G in double-distilled water.
Grey line: wollastonite NYAD G in ALF solution.

Representative EMPA element composition of wollastonite NYAD G expressed in
weight percent (wt%) with relative standard deviations are reported in the Table 4. The
chemical formula of wollastonite NYAD G, as determined from 63 EMPA spot analyses
(Table S1 in Supplementary Materials), is:

Ca0.997Fe2+
0.0053Fe3+

0.0024Mn0.0025Mg0.0009Si0.9786O3

Overall, wollastonite NYAD G has a relatively low total iron (Fe2O3 + FeO wt% <1)
and ferrous (0.25 < FeO wt% < 1) content (Table 4). The Mössbauer spectrum of the
wollastonite sample (Figure S2 in Supplementary Materials) shows, despite the high counts
(≈13 × 106), weak signals attributable to both Fe3+ and Fe2+ moieties. The best tentative
of fitting concerns in three doublets: one ascribed to Fe3+ (Db1) and two to Fe2+ (Db2 and
Db3). Both ferrous and ferric species show hyperfine parameters typical of a distorted
octahedral environment (Table 5). The Fe2+/Fe3+ ratio, calculated considering the relative
area (A) of the deconvoluted Fe2+ and Fe3+ spectral signatures, is 2.2 (Table 5). Wollastonite’s
structure contains three distinct M sites (i.e., M1, M2 and M3) which are usually occupied by
Ca [81]. However, both Fe2+ and Fe3+ can replace Ca as an octahedral cation. According to
Ohashi and Finger [82], Fe atoms can occupy all three octahedral sites of wollastonite, but,
Mössbauer studies of synthetic and natural iron-wollastonite showed that Fe2+ preferentially
occupies M1 and M3 sites [83]. In addition, following the work of Matsueda [83] it is possible
to assign the M3 site to the outer Fe2+ doublet (Db2) and M1 site to the inner Fe2+ doublet
(Db3). Ferric doublet Db1 suggest that Fe3+ is located at one of the M1-M3 sites, however,



Minerals 2021, 11, 1378 14 of 24

the presence of a small amount of Fe3+ in the tetrahedral sites as a result of Si4+ substitution
cannot be excluded.

Results of XPS analyses are shown in Figure S3 deposited in the Supplementary
Materials. Supplementary Figure S3 shows the Fe 2p region of the XPS spectrum, after
removal of the X-ray satellite lines from photoelectron spectra excited with Mg Kα radiation.
The spectrum has been decomposed into Voigt doublets, taking onto account the spin-orbit
splitting of Fe 2p3/2 and 2p1/2 components, over a Shirley-type background. The spectrum
presents characteristic Fe2+ and Fe3+ main components, accompanied by related satellites.
The branching ratio between Fe2+/Fe3+ 2p3/2 components is 1.1.

XPS analysis showed that both Fe2+ and Fe3+ sites are available at the surface of the
wollastonite fibres. However, in order to calculate the FPTI of the sample, it is necessary to
know the nuclearity of these Fex+ sites (Table 1). Identifying the nuclearity of Fex+ exposed
on the surface of the mineral fibres is very complex and to date the ideal analytical technique
for this purpose has not yet been identified. Our research group is currently evaluating
various methodologies, and those that seem most promising are: (1) Fourier transform
infrared (FTIR) spectroscopy using NO as a probe molecule. The adsorption of NO on the
fibre surface leads to the formation of the nitrosyl complex Fex+(NO)n characterised by
extremely intense υ(NO) bands which are strongly influenced by the Fe oxidation state and
nuclearity. This methodology was effectively employed by other authors [84] for the study
of the nuclearity of Fex+ active sites in Fe-doped zeolites. (2) UV-Vis spectroscopy. UV-Vis
spectra (200–800 nm) contain accurate information about the oxidation and coordination
states of metal ions that comes from electronic transitions [69,70]. This technique has been
successfully used in the past (see for example [70]) for the qualitative and semi-quantitative
evaluation of the nuclearity of the iron species of a synthetic chrysotile. Method (2) is
undoubtedly the most accessible, but it fails to discern between surface and bulk Fex+

sites. By contrast, Method (1) offers the best performance in terms of surface sensibility but
requires elaborate measurements and the implementation of customised FTIR systems [84].
In the present study, UV-Vis spectroscopy was chosen to preliminary investigate the
nuclearity of Fe in wollastonite NYAD G. Given the limitations of Method (2), we are aware
that the nuclearity value obtained is mainly representative of bulk Fe. In order to address
the issues described above, work is in progress to deliver a quantitative model for the
determination of the nuclearity of surface Fe in mineral fibres using Method (1).

Supplementary Figure S4 shows the UV-Vis spectrum of the sample in the region
from 200 to 500 nm (no absorption band was detected above 500 nm) deconvoluted into
Gaussian sub-bands (r2 = 0.981). Major contributions of the spectrum stem from three short
wavelength sub-bands at 218 nm (G1), 254 nm (G2) and 290 nm (G3). The sub-bands at
254 nm and 290 nm are associated with isolated mononuclear Fe located at octahedral M
sites [69,70]. While the 218 nm band is indicative of the presence of isolated iron sites in
tetrahedral coordination [69,70]. Bands between 300–500 (G4 and G5) suggest the presence
of octahedral Fe in cluster-like FexOy species [70]. Since the UV-Vis spectrum shows bands
indicative of isolated Fe species, we assume that the nuclearity of Fe is mostly 1.

EMPA spot analyses showed that NYAD G wollastonite does not contain relevant
amounts of metals considered as environmental and health hazards (i.e., As, Co, Cr, Cd, Sb,
Hg, Cu, Pb, Ni, Zn and V).

Table 3 reports the dissolution kinetic parameters calculated for the dissolution of
wollastonite NYAD G. The parameters for other mineral fibres are provided for sake of
comparison. The plot of the wollastonite mass loss (%) vs. time (d) is reported in Figure S5
in the Supplementary Materials. The fit of the mass vs time plot allowed to extrapolate the
total dissolution time (Figure S5), which is estimated to be td = 383(190) d. That time was
used to empirically calculate the apparent dissolution rate (R) from the equation modified
after Gualtieri et al. [71]:

R =
3w

4Vtd
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where w = mean fibre width (3.17 × 10−6 m), V = molar volume (0.39 × 10−4 m3/mol) and
td = total dissolution time [85].

The apparent rate constant (k) is then calculated from the equation modified after
Gualtieri et al. [71]:

k = R·SSA·m

with SSA determined using the BET-method (m2g−1), m = initial mass of the sample
(g). The calculated values are k = 1.98 × 10−6 s−1 and R = 1.59 × 10−4 mol·m−2s−1.
The calculated k value matches with the k values estimated by Rimstidt and Dove [86]
during acid dissolution tests of wollastonite from New Mexico. To compare the dissolution
kinetics of wollastonite with other relevant mineral fibres, Table 3 shows the calculated
dissolution time (t) for a wollastonite fibre with w = 0.25 µm. This value is estimated using
the following equation:

t =
3w

4VR

Table 4. Mean values of the EMPA analyses of the wollastonite NYAD G; standard deviation is
shown in brackets. The chemical composition of wollastonite NYAD G given in the technical data
sheet (TDS) provided by NYCO Minerals Inc. is shown for comparison [87]. Wt% (weight percent);
Data from EMPA analyses are replotted considering the value of the L.o.I. (loss on ignition); * bdl
(below the detection limit). ** L.o.I. = H2O wt% determined from TG data. The FeO and Fe2O3

concentration was calculated using the stoichiometric criteria of the Droop method [88] and the
results of Mössbauer analyses.

Wt% EMPA TDS NYCO Minerals

SiO2 50.76 (0.25) 51.60
FeO 0.33 (0.09) -

Fe2O3 0.17 (0.09) 0.77
MnO 0.15 (0.04) 0.15
MgO 0.03 (0.02) 0.15
CaO 48.27 (0.24) 46.36

Na2O * bdl -
Al2O3 bdl 0.40
K2O bdl 0.02
TiO2 bdl 0.05
L.o.I. ** 0.30 0.50
Tot 100.0 100.0

Table 5. Hyperfine parameters calculated from the Mössbauer spectrum of wollastonite NYAD G. Isomer shift (δ),
quadrupole splitting (∆), half linewidth at half maximum (Г+) and, the relative area (A). δ is quoted to metallic α-Fe.

Doublet δ (mm/s) ∆ (mm/s) Г+ (mm/s) A (%) Attributions

Db1 0.41 ± 0.01 0.56 ± 0.03 0.12 ± 0.01 31 ± 2 Fe3+ octahedral (M1,M2,M3)
Db2 1.09 ± 0.04 2.26 ± 0.09 0.31 ± 0.08 46 ± 2 Fe2+ octahedral (M3)
Db3 1.26 ± 0.01 2.76 ± 0.04 0.11 ± 0.02 23 ± 2 Fe2+ octahedral (M1)

Among the considered mineral species, the difference in the dissolution time of
wollastonite NYAD G with respect to amphibole asbestos is remarkable. After 383 d (for a
3.17 µm thick fibre) or 30 d (for a 0.25 µm thick fibre), the wollastonite fibres are completely
dissolved. On the other hand, asbestos amphiboles totally dissolve only after 50 y (Table 3).
Conversely, the dissolution rate and estimated lifetime of wollastonite NYAD G are similar
to those estimated for chrysotile [71].

The total content of elemental iron in the wollastonite NYAD G is 0.38 wt%
(Fe2+ = 0.26 wt%; Fe3+ = 0.12 wt%). While the total content of elemental silicon is 23.73 wt%.
Considering that the total dissolution time of wollastonite fibres is 1.05 y (383 d), the
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estimated velocity of release of Fe and Si from the dissolving wollastonite fibres inside the
cytoplasmic space is 0.36 and 22.60, respectively.

3.2. Toxicity/Pathogenicity Potential of Wollastonite NYAD G

Table 1 reports the FPTI index calculated for the wollastonite NYAD G and the nor-
malized score FPTIi associated to each parameter of the FPTI model [24]. The same data
concerning two mineral fibres (i.e., chrysotile from Balangero, Italy, and asbestos tremolite
from Val D’Ala, Italy) currently recognised by the IARC as carcinogenic to humans, have
been reported for comparison (Table 1). The sum of the values yields an FPTI associated
with the mineral fibre. The classification of mineral fibres in increasing order of toxicity
potential is: wollastonite NYAD G (FPTI = 2.12) < Balangero chrysotile (2.35) < Val D’Ala
tremolite (FPTI = 2.88). According to applied model [24], FPTI ≤ 2.00 concerns mineral
fibres that are assumed to have no toxic/pathogenic effects. Given the error (0.18) associ-
ated with the calculation of the FPTI, wollastonite NYAD G can also be considered a ‘safe’
mineral fibre [24].

The main differences between the positive reference mineral fibres (i.e., Balangero
chrysotile and Val D’Ala tremolite) and wollastonite NYAD G concern the average width
of the fibres, content of reactive metals and dissolution rate (Table 1).

Balangero chrysotile and Val D’Ala tremolite display an asbestiform habit (i.e., these
minerals grow in a fibrous bundle of flexible, long, thin crystals) which makes them
easily inhalable. These particles thanks to their small width (W < 1 µm), reach the deep
respiratory system, settle there and cause cell damage [24,72]. In contrast, wollastonite
fibres are too wide (average W = 3.74 µm) to pass through the upper airways [24,72]. The
deposition of a mineral fibre is related to is equivalent aerodynamic diameter (Dae) [72].
Applying the equation of Gonda and Abd El Khalik [89] to a wollastonite NYAD G fibre
with W = 3.74 µm and ρ = 2.98 g/cm3, the Dae obtained is 11.4 µm [72]. Since particles
with Dae > 5 tend to settle in the nasal respiratory tract, wollastonite fibres are expected to
be filtered by the nasal epithelial barrier [72].

Chemical reactivity of mineral fibres (and associated adverse effects in vivo/in vitro)
is related to the catalytic activity of Fe2+ for the production of ROS [24]. Both Balangero
chrysotile and Val d’Ala tremolite have significant amounts of structural Fe2+ and, therefore,
are expected to have high chemical reactivity [90]. Namely, the FeO wt% of wollastonite
NYAD G is 0.33 wt%, whereas it is 2.5 wt% for Balangero chrysotile and 2.0 wt% for Val
D’Ala tremolite.

Recent studies have shown that octahedral sites of asbestos fibres may host potentially
toxic metals that can be released during fibre dissolution [29]. These toxic metals contribute,
together with iron, to the potential toxicity of Balangero chrysotile and Val d’Ala tremo-
lite [24,29]. On the contrary, the low metal content found in wollastonite NYAD G makes
its fibres of low reactivity [24,29].

The dissolution rate of wollastonite NYAD G is similar to that of chrysotile while the
difference with amphibole asbestos is remarkable (Table 3; lifetime calculated for a 0.25 µm
thick fibre). Estimated lifetime of wollastonite NYAD G and Balangero chrysotile is 30 d
and 124 d, respectively. On the other hand, Val d’Ala tremolite totally dissolve after 49 y
(Table 3). This implies that wollastonite fibres are not biopersistent in lung environment,
and therefore less potent in inducing chronic inflammation. As noted above, chrysotile
also has a low biodurability (Table 3), however, it has a higher FPTI index than fibrous
wollastonite (Table 1). To a first approximation, the lack of biopersistence should also make
chrysotile a safe mineral fibre. However, during phagocytosis, the chrysotile behaves like a
carrier that releases its metal cargo into the lung environment (e.g., Fe, Co, Cu, Cr and Ni),
mimicking the toxicity behaviour of nanoparticles [29]. These metals, when released into
the cytoplasmic space, catalyse the production of ROS/RNS, inducing an acute toxic effect
involving cellular injury and DNA damage [24,29].
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3.3. DNA Damage Quantification

Studies on asbestos have shown that mineral fibres can induce DNA damage [12].
There are many forms of DNA damage, but DNA double strand breaks (DSB) are one of the
most damaging lesions because they affect both strands of the DNA helix [73]. This type
of DNA damage can lead to cell death through apoptosis, but if the cell survives and the
injury is not repaired (or is repaired incorrectly), DNA information can be compromised
leading to mutations and eventually cancer [73]. To date, only preliminary data on the
potential genotoxicity of fibrous wollastonite are available [16,46,53]. In the present work,
in order to assess the potential genotoxicity of wollastonite NYAD G, a γH2AX assay [73]
was performed on THP-1 cells exposed to wollastonite fibres for 24 h. Thus, after the
treatment of THP-1 macrophages in the presence or absence of 50 µg/mL of mineral
fibres, the DNA double strand breaks (DSB) in M0-THP-1 macrophages (Figure 5) were
quantitatively evaluated by confocal microscopy through the staining of the γ-H2AX
foci. The foci rate of treated and untreated cells was then quantified and as expected, the
macrophages challenged with crocidolite UICC showed a significant high rate of DSB,
while no significant differences with respect to control cells were observed in wollastonite
NYAD G treatment. In detail, the fold increase of foci rate measured in treated macrophages
with respect to control cells was ~8.9 for crocidolite UICC (white bar, p < 0.0001 vs. C) and
~0.7 for wollastonite NYAD G (dotted bar, p < 0.28 vs. C). These data clearly indicate that
crocidolite UICC is able to significantly increase DNA damage in THP-1 cells after 24 h,
whereas wollastonite NYAD G shows no acute DNA damage at the same incubation time
and under the same experimental conditions.

Figure 5. Quantification of DNA double-strand breaks by confocal microscopy analysis of THP-1 cells. Results are expressed
as the rate of double-strand breaks in the DNA counted in the nuclei of untreated cells (control, grey bar) or cells treated
with 50 µg/mL of crocidolite UICC fibers (white bar) or of wollastonite NYAD G fibers (dotted bar) for 24 h. Bars represent
the mean ± S.D. of the total number of foci (stained in green by an anti-γH2AX antibody, not shown) in the nuclei of
cells acquired in six different microphotographs obtained using a Leica TCS SL confocal microscope. Asterisks indicate
significance in Tukey test (ANOVA p < 0.000001; Tukey vs. C, *** p < 0.0001).

4. Discussion

To date, the most commonly used experimental treatments (i.e., samples that are
the subject of the experiment) for in vitro studies on mineral fibres are as follows: cells
treated with the tested fibre, “untreated” control (i.e., cells + media + reagent) and positive
control (which usually involves the UICC crocidolite standard). Similar experimental
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treatments are also commonly adopted for in vivo tests. However, as emphasised by
many official methods and best practices concerning in vitro/in vivo systems, experimental
design requires the use of a negative control [41,42]. In this context, the aim of the present
work is to propose a suitable reference material that can be used as a negative control for
biological and biomedical studies involving mineral fibres. After careful evaluation of the
various naturally occurring non-hazardous mineral fibres, fibrous wollastonite was found
to be suitable for this purpose. An ideal negative control for bioassays has the following
characteristics: it is non-toxic, does not contain toxic impurities, is easy to find in large
quantities and its composition is well known [41]. All of these properties are possessed by
wollastonite NYAD G. Indeed, this mineral fibre is easy to find as it is marketed by NYCO
as a raw material for various industrial applications. As shown by the results of the TG
and XRPD analyses, wollastonite NYAD G is virtually pure as it consists of wollastonite-1A
with only about 1wt% calcite (a non-toxic substance). Data obtained from EMPA show
that wollastonite NYAD G does not contain significant concentrations of potentially toxic
elements that can be released into lung tissue following inhalation of its fibres.

The assessment of the toxicity/pathogenicity potential of wollastonite NYAD G was
performed using the FPTI model (Table 1). A quick comparison with previously evaluated
mineral fibres shows that wollastonite NYAD G is less hazardous than asbestos minerals.
As shown by Gualtieri [24], all the amphibole asbestos has FPTI values >2.50, while
chrysotile asbestos samples have values in the range 2.20–2.45. The FPTI of wollastonite
NYAD G (i.e., 2.12) is lower than that of all other fibres and in line with the designated
threshold value for non-toxic and non-pathogenic fibres (FPTI = 2.00). Therefore, according
to the results of the applied FPTI model, wollastonite NYAD G can be considered a mineral
fibre with low toxicity/pathogenicity potential [24]. As a matter of fact, the result obtained
from the FPTI model converges with the IARC assessments, but it should be emphasised
that to date there is no conclusive evidence that fibrous wollastonite has no toxicity and
pathogenicity effect in vivo [16,46].

The FPTI of wollastonite was previously calculated by Gualtieri [24] using literature
data to estimate FPTI parameter scores (Table 1). The FPTI obtained was 1.92 (0.30). Since
this index is slightly different from that obtained in the present work (i.e., 2.12), it is
appropriate to compare the analytical data obtained in this work with those found in the
literature for wollastonite NYAD G. For this purpose, a suitable reference is the work of
Maxim et al. [46], which provides the morphology, chemical compositions and SSA of
several commercial wollastonite samples, including wollastonite NYAD G. In addition, a
precious document is the technical data sheet (TDS) of wollastonite NYAD G provided by
NYCO Minerals Inc. [87]. TDS provides several technical properties (e.g., density, water
solubility, hardness, meting point, etc.) and chemical composition of wollastonite NYAD G.
Although Maxim et al. [46] and the TDS are useful references, it must be underlined that
these documents do not provide any information about the analytical methods used for
the characterisation of wollastonite NYAD G. This omission makes it difficult to discern
whether the discrepancies between the compared values are due to analytical error or a
different method of data acquisition.

As widely recognised in the literature, wollastonite is characterised by acicular or
fibrous particles [43,46,87]. This description is in line with that obtained by us through SEM
analysis. The wollastonite NYAD G fibres observed by SEM have the following average
size: L = 46.6 µm, W = 3.74 µm and aspect ratio 13:1. In contrast, reference [46] shows
that wollastonite NYAD G has L = 60 µm, W = 6.2 µm and aspect ratio 15:1. Despite this
discrepancy, both morphometric evaluations show that the sample has a size that exceeds
the morphometric threshold values set by the FPTI model, i.e., L = 20 µm and D = 3 µm [24].
This implies that the wollastonite NYAD G fibres are long enough to induce a chronic
alveolar or pleural inflammatory effect, but are too thick to reach and penetrate the alveolar
and pleural sacs [24,72].
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ρ and SSA of the wollastonite NYAD G provided by the TDS are 2.90 g/cm3 and
0.4 m2/g, respectively [87]. These values agree well with that obtained in our investigations,
i.e., ρ = 2.98 g/cm3 and SSA = 0.5 m2/g.

Like other mineral fibres [91], wollastonite NYAD G in contact with the ALF solution
at pH 4.5 and 7 results in negative values of zeta potential, i.e., −8.96 and −18.7 mV,
respectively. Negative zeta potential values were also found when water was used as a
dispersant (Figure 4). According to Buthelezi [77], the zeta potential of wollastonite in
water varies from −20 to −35 mV and decreases with increasing pH (i.e., from 3 to 9).
When placed in an organic solution (i.e., dodecylamine), wollastonite shows slightly less
negative zeta potentials than those observed in water, and the values range from about –5
to −20 mV [77]. A similar behaviour of the zeta potential was observed in our study for
the wollastonite NYAD G, i.e., in the pH range of 3–9, the zeta potential in water varies
from −24 to −36 mV, while −0.4 to −25 mV in ALF solution.

Table 4 compares the chemical composition of wollastonite obtained from EMPA and
those reported in TDS. Small but significant differences exist between the two chemical
compositions, mainly for elements such as Al, K and Ti. The data provided by TDS probably
refer to the bulk analysis of the sample (probably obtained from X-ray fluorescence analysis,
as suggested by the presence of the LOI value), so the values of Al, K and Ti are slightly
higher than expected because they are influenced by the impurities present in the sample
analysed (e.g., garnet). In contrast, in the chemical analyses obtained by EMPA, Al, K and
Ti are not measured because only wollastonite fibres were analysed.

The fast dissolution of wollastonite in ALF solution observed in our in vitro acellular
study is in line with that observed in the literature [92]. Wollastonite is the ideal mineral
phase for mineral–solution interaction studies, because it has a simple composition and
structure and reacts very quickly [92]. Consequently, comprehensive descriptions of the
behaviour of wollastonite fibres in acidic solutions can be found in the extensive literature
concerning the mechanisms and kinetics of mineral dissolution [92–96]. It is generally
recognised that the dissolution rate of wollastonite is a function of the environmental
pH and is higher under acidic conditions [92–96]. Several experimental studies show
that the dissolution of wollastonite in acidic solution is controlled by the leaching of Ca2+

through metal-proton exchange [53,92]. This exchange reaction leads to the formation of
a silica-rich layer that grows indefinitely, preventing the dissolution of wollastonite from
reaching a steady state and leading to the total extraction of Ca2+ from the structure [92].
Since wollastonite is highly soluble in acidic conditions, its dissolution is expected during
phagocytosis processes, where the environment is approximately pH 4.5.

Although our biodurability tests on wollastonite (based on in vitro acellular exper-
iment) are not fully comparable with those found in the literature (which are based on
in vivo studies [46,97]), the general consensus is that the biodurability of wollastonite is
significantly lower than that of positive carcinogens such as amphibole asbestos. Studies
on Wistar rats, showed that the rate of clearance of wollastonite NYAD G was 14 times
higher than that of crocidolite [97]. A higher rate of clearance of wollastonite with respect
to amphibole asbestos was confirmed by biopersistence studies using CS57B1/6 mice [98].

Results of the in vitro genotoxicity test (Figure 5) point out a safer biological behaviour
of wollastonite NYAD G, once again suggesting its possible use as a negative control in
toxicological experiments in vitro and in vivo.

Overall, the results of the characterisation of wollastonite NYAD G performed in this
study are in good agreement with the literature data. The toxicity/pathogenicity potential
of fibrous wollastonite as assessed by in the present work is consistent with the assessment
of the IARC [16] and the various toxicity studies performed to date [46].

5. Conclusions

To date, most toxicity and carcinogenicity studies involving mineral fibres are designed
without a negative control. The aim of this study was to assess if wollastonite NYAD G
can be a suitable material to be used as a negative control. For this purpose, a complete
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characterisation of the commercially available wollastonite NYAD G has been accomplished.
The results agree with data found in the literature and confirm that the sample consists
of wide elongated particles, with low specific surface area, low metal content and low
biodurability. The behaviour of the zeta potential in water and ALF is similar to that
observed for other mineral fibres and shows negative values throughout the pH range
considered. XRPD and TG-DTA analysis showed that the sample consists of wollastonite-
1A in association with calcite.

The selection of the negative control should primarily consider the toxicity/pathogenicity
potential of the selected material. This assessment was achieved through the application of
the FPTI model. The FPTI was calculated on the basis of the acquired analytical data, which
showed that wollastonite NYAD G does not possess the chemical-physical characteristics of
toxic fibres known to cause adverse effects in vivo. The estimated FPTI is below the values
found for hazardous mineral fibres and confirms that wollastonite NYAD G has negligible
toxicity/pathogenicity potential. In particular, the potential of wollastonite NYAD G fibres
in inducing MM is extremely low as their width (W > 3 µm) does not allow them to reach
and penetrate the pleural space. The inert behaviour of wollastonite NYAD G was confirmed
by the γ-H2AX foci assay. Compared to crocidolite, wollastonite NYAD G has a very low
genotoxic potential.
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0/min11121378/s1, Figure S1: As reported in Gualtieri [99] presentative SEM image and EDX spectrum of
a calcite crystal found in the sample, Figure S2: Mössbauer spectrum of wollastonite NYAD G, Figure S3:
XPS spectrum of wollastonite NYAD G, Figure S4: UV-Vis spectrum of wollastonite NYAD G, Figure S5:
Dissolution curve of wollastonite NYAD G, Table S1: EMPA spot analyses.
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