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Herein, the first comprehensive toxicity study of Al,Os, SiIO,, ZrO,, TiO, and WOs fiber effects in cultured
epithelial A549 cells is presented. The fibers were produced by centrifugal spinning from suitable spinning
solutions and have an average diameter in the sub-micrometer range. At first, we characterized the fibers
for their morphological, compositional and structural properties. Then, we estimated the biological effects
of fibers in pulmonary epithelial A549 cells comparing them with the biological effects of AL,Os, SiO,, ZrO,,
TiO, and WOz nanoparticles. Multiwalled carbon nanotubes (MWCNTs) were used as a positive control.
The cells were treated with 1, 10 and 100 pg mL™ concentrations of a nanomaterial for 24 and 48 h. The
Received 9th March 2022, dehydrogenase activity and glutathione levels were determined in cells as markers of cell injury. We found
Accepted 8th October 2022 that the tested fibers exhibited no deleterious effects in A549 cells except for Al,Oz and TiO, fibers causing
significant cell damage of similar extent to ALO3z and TiO, nanoparticles, respectively. Overall, we conclude
that the herein tested inorganic fibers do not exhibit larger toxicity risk in human pulmonary A549 cells in
rsc.li/es-nano comparison to nanoparticles of the same chemical composition.

DOI: 10.1039/d2en00217e

Environmental significance

The development and production of nanomaterials has been increasing in recent years around the world. Nanomaterials provide unique physical, chemical
and biological properties that enable their use in various fields of human beings. They also show potential for many emerging environmental applications.
New technologies enable synthesis of innovative nanomaterials, including nanofibers of unique composition. Although the use of nanofibers has been
increasing, the lack of elucidation of biological effects after potential environmental exposure of humans remains. Due to inhalation from the
environment, possibly leading to changes in pulmonary cells, any toxicity studies on nanofibers effects in lung cells are of large significance. Thus, we
present here for the first time a study on biological effects of nanofibers in lung cells and we compare the results to inorganic nanoparticles of the same

composition.
Introduction
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determine their potential cytotoxicity. The number of
scientific reports on nanomaterial toxicity has rapidly
increased over the last years.” " The biological effects and
toxicity of nanomaterials depend on their physicochemical
properties, size, shape, purity, agglomeration, solubility,
hydrophobic  properties, surface charge and surface
functionalization.>®'>™"” Due to their high reactivity,
nanomaterials may induce specific cellular reactions that can
lead to various types of toxicity.'® However, the toxicity of a
certain material is strongly dependent on its morphology and
dimensionality. TiO, as an example can have different
morphologies:  nanoparticles (that tend to form
agglomerates), nanofibers (that are rather separated and
randomly oriented), anodic TiO, nanotubes (that are featured
as layers of vertically aligned nanotubes), and some others.
Even though they all have the same chemical composition,
they might exhibit different levels of toxicity, as they possess
diverse and morphologically related physicochemical
properties."”” As the worldwide intended and/or unintended
exposure of living organisms to nanomaterials is increasing,
it is crucial and relevant to study and evaluate the biological
effects and toxicity of such materials on biological
systems.">"”

The industrial environment enables the most common
exposure of humans to nanomaterials and therefore it is
the location possessing the highest potential health risk.
Nanomaterials can usually enter the human body through
the skin and the gastrointestinal or respiratory tract where
the alveolar epithelial cells represent a major target of
nanomaterials in the lungs. Thus, it is of high interest to
test their pulmonary toxicity."®>° In general, the cell

damage caused by nanomaterials leads to several
pathological processes including apoptosis, necrosis,
inflammation, fibrosis, hypertrophy, metaplasia,

genotoxicity and/or carcinogenesis.”' Moreover, the inhaled
nanomaterials may increase the production of reactive
oxygen species (ROS) and other oxidants in the human
body and cause severe oxidative stress in the respiratory
system.zz'23

Nowadays technological advancements have enabled the
synthesis of unique nanomaterials, including nanofibers. By
definition, nanofibers should be fibers with a diameter lower
than 100 nm, however, in the literature and especially in the
textile industry, fibers with a diameter as large as 1 um are
still denoted as nanofibers (somewhat misleadingly).
Nevertheless, the potential risk of nanofiber toxicity increases
with growing worldwide production of different types of
nanofibers despite no particular understanding of their
toxicity. In addition, new technologies to produce nanofibers
are being developed, including various versions of centrifugal
spinning®™® with a littletono concern about the
environmental impact of such materials. While centrifugal
spinning and electrospinning can lead to nanofibers of
comparable fiber diameter (some 50-800 nm), there are some
distinct advantages of centrifugal spinning, as shown in our
recent work.>’

This journal is © The Royal Society of Chemistry 2022
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Regardless of the fiber technology used, the most common
pathway where the nanofibers can permeate the human body
is via inhalation to lungs.***® Surprisingly, the in vitro
cytotoxicity of nanofibers has not been sufficiently
investigated in comparison to other nanomaterials such as
nanoparticles,> nanotubes'® or nanosheets.*® Several recent
studies investigated the biological effects of anatase TiO,
nanofibers (obtained commercially or “home-made”) mostly
in pulmonary cells®'>'**° and HeLa cells.>* However, there
is no study that would compare the biological effects of
inorganic fibers of various chemical compositions that are
entering the market. Studies focused on this topic are highly
needed, thus, the aim of the present study is to determine
the potential pulmonary toxicity in vitro of newly synthesized,
commercially available SiO,, TiO,, Al,03;, ZrO, and WO;
fibers (produced by centrifugal spinning) in frequently used
human lung carcinoma epithelial A549 cells and to compare
their potential biological effects with nanoparticles of the
same chemical composition. Inorganic fibers investigated
here are produced by centrifugal spinning into 3D cotton-like
fluffy objects that are not suitable for further processing and
commercial sale. Thus, in the production facility they are
post-treated by milling, to become more homogeneous and
powder-like, to be easily processed in all possible
applications. Thus, the fibers in this work were investigated
in the milled state to reflect the state in which they are sold.
The main intention was to perform an introductory screening
in cells to compare the biological effects of NPs and fibers of
the same chemical composition.

Experimental
Materials used in this work

A summary of all types of samples used in this work is given
in Table 1. The fibers were prepared by centrifugal spinning
from suitable solutions and subsequent calcinations. They
were all supplied by the company Pardam Nano4Fibers, Ltd.,
as samples that represent their standard portfolio for
inorganic fibers. Since all these materials have no dimension
below 100 nm, they are denoted as “fibers” in this work (to
be aligned with the official EU nomenclature from the
“Recommendation on the definition of a nanomaterial”,
2011/696/EU), and not nanofibers, as common in some
literature on centrifugal spinning and in the textile field. On
the other hand, the reference materials (inorganic
nanoparticles and multi-walled carbon nanotubes, MWCNTs)
have their particle/tube diameter below 100 nm, so the term
“nanoparticle” or ‘“nanotube” is correct. There are no
reference nanofibers with an average diameter below 100 nm
that could be used for this work and presented comparison.
All fibers used in this work were synthesized according to
the protocol described in our recent work on SiO, and WO;
fibers.?®** The TiO,, AlLO,, ZrO, and WO, fibers were
prepared exactly the same way and instrumentation, but
using titanium tert-butoxide for TiO,, aluminium propoxide
for Al,O;, zirconium tert-butoxide for ZrO,, and ammonium
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Table 1 Overview of the materials used in this work
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Type of nanomaterial Commercial name

Abbreviation used in this work Origin

Fibers Fiber CERAM - SiO, sorbent
Fiber CERAM - SiO, Vs
Fiber CERAM - AL,O; o
Fiber CERAM - Al,O; y
Fiber CERAM - TiO, rutile
Fiber CERAM - ZrO,

Fiber WO;,

SiO, nanoparticles (JRCNM02002a)
Al,O; nanoparticles (544833)
TiO, P25 nanoparticles

ZrO, nanoparticles (544760)
WOj; nanoparticles (550086)

Nanoparticles

Nanotubes

metatungstate for WO; respectively. More details about the
principle of the centrifugal spinning and processes towards
inorganic fibers can be obtained elsewhere,>* %!

The resulting inorganic fibers, named “as-prepared” fibers
in this work, kept their 3D bulky character, which was not
suitable for the cell experiments. Thus, it was necessary to
shorten the resulting fibers via ball milling using a spherical
mill (Retsch) with the use of an agate milling container with
a volume of 500 ml and agate milling balls of 10 mm in
diameter. The ball-milled fibers, named “ball-milled” fibers
in this work, were significantly shortened, but kept their fiber
shape. Moreover, they became powder-like, which was more
suitable for further handling (weighing, dispersing in water,
exposure to cell lines, etc.). Al,0;, ZrO, and TiO, P25
nanoparticles were supplied by Sigma-Aldrich. SiO,
nanoparticles and multiwalled carbon nanotubes (MWCNTS)
were obtained from the JRC Nanomaterials Repository.

Characterization of nanomaterials

The morphological characterization of the calcined inorganic
fibers, the ball-milled fibers and all other reference materials
used in this work (Table 1) was carried out using a field-
emission scanning electron microscope (FE-SEM, JSM7500F,
JEOL). Energy-dispersive X-ray spectroscopy (EDX) was used
to analyze the composition of the samples using an EDX
detector (Oxford Instruments) integrated in a SEM (TESCAN
MIRA3-XMU) by employing an accelerating voltage of 20 kV.
The crystalline structure of the ball-milled fibers was
characterized using an X-ray diffractometer (XRD, PANalytical
Empyrean Cu Ko radiation, 1 = 1.5418 A) with a scintillation
detector Pixcel®” in the 26 range 5-65°, the step size was
0.026°. The textural properties (specific surface area and pore
size distribution) of the ball-milled fibers were determined
from the N, adsorption isotherms. The isotherms were
acquired using an ASAP 2020 instrument (Micromeritics) and
evaluated with MicroActive Software (Micromeritics). The
specific surface area was calculated according to the
Brunauer-Emmett-Teller (BET) method.*> The mesopore and
external surface area, as well as the micropore volume, were
determined by means of ¢plot using the Harkins-Jura
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Multi-walled carbon nanotubes (JRCNM40003a)

SiO, sorbent Pardam Nano4Fibers

SiO, VS Pardam Nano4Fibers

Al,O; o Pardam Nano4Fibers

AlLOz v Pardam Nano4Fibers

TiO, rutile Pardam Nano4Fibers

ZrO, Pardam Nano4Fibers

WO, Pardam Nano4Fibers

SiO, NP JRC Nanomaterials Repository
Al,O; NP Sigma-Aldrich

TiO, P25 Evonik Degussa

ZrO, NP Sigma-Aldrich

WO; NP Sigma-Aldrich

MWCNT JRC Nanomaterials Repository

equation for calculation of the adsorbed layer thickness on
oxidic materials and the “carbon black STSA” thickness curve
equation for the MWCNT material. The pore volume and
pore size distribution were determined by the NL DFT
approach by using the “N,@77 K-cylindrical pore and oxide
surface” kernel for oxidic materials and the “N,@77 K carbon
cylindrical pore MWNT” kernel for the MWCNT material.

Estimation of fibers' effects in cells

Endotoxin contamination. Powder materials were
suspended in endotoxin-free water and diluted at a
concentration of 1 mg mL™". All samples were vigorously
vortexed and sonicated for 15 min. Then, the samples were
centrifuged at 15000 g for 15 min. The endotoxin
concentration was measured in the supernatant using the
PyroGene™ recombinant factor C assay (Lonza, Blackley,
UK). According to the manufacturer's instructions, the
presence of endotoxin in a sample was calculated using the
standard curve and results were expressed as the endotoxin
concentration in EU mL ™.

Cells and cell culture. The human lung carcinoma
epithelial cell line (A549, ATCC CCL-185, Manassas, VA, USA)
was derived from human lung adenocarcinoma cells.** The
cells were cultured in minimum essential medium (MEM,
Invitrogen-Gibco, USA) supplemented with 10% (v/v) fetal
bovine serum (FBS, Invitrogen-Gibco, USA), 2 mmol L™
glutamine (Invitrogen-Gibco, USA), 1 mmol L' pyruvate
(Invitrogen-Gibco, USA), 10 mmol L™ HEPES (Invitrogen-
Gibco, USA), and 50 umol L' penicillin-streptomycin
solution (Invitrogen-Gibco, USA) and maintained at 37 °C in
a sterile humidified atmosphere of 5% CO,. Exposure was
initiated at 70% cell confluence. The cells were proven to be
mycoplasma-free and the origin of the cells was confirmed by
short tandem repeat analysis.

Cell treatment. The tested materials (i.e., nanoparticles
and fibers) were suspended in medium with 10% FBS to
prepare the stock solutions at a concentration 1 mg mL .
After sonication in an ultrasonic bath K2 (60 J s™', 33 kHz,
Kraintek, Slovakia) for 10 min to ensure a substantial
dispersion, the working solutions were prepared by dilution

This journal is © The Royal Society of Chemistry 2022
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in the culture medium with 10% FBS to final
concentrations (1, 10 and 100 pg mL™"). We used FBS to
sustain the colloidal stability of dispersed materials in the
presence of serum proteins similarly to plasmatic proteins
in human extracellular fluids. A549 cells were seeded into
96-well plates at a density of 5 x 10° cells per well. After
24 h of seeding, the cells were exposed to the materials.
Before addition of the tested materials to the cells, all
working solutions were thoroughly mixed and then added
to the A549 cells. The cells were incubated with materials
for 24 or 48 h and the biological effect was tested.
Untreated cells were used as a negative control. The
multiwalled carbon nanotubes (MWCNTs, JRC
Nanomaterials Repository, Ispra, Varese, Italy) at a
concentration of 100 ug mL™ (ie. 31 ug cm > in a well of
96-well plates) were established as a positive control.

Cell viability testing. The cell viability was assessed using
the WST-1 test (Sigma-Aldrich, USA). The WST-1 test detects
the activity of intracellular dehydrogenases. After the
treatment, the cells were incubated with the WST-1 reagent
according to the manufacturer's instructions for 1 h. The
change of absorbance was measured using a
spectrophotometer at a wavelength of 440 nm using a SPARK
microplate reader (Tecan, Austria) while incubated at 37 °C.
The dehydrogenase activity was expressed as the percentage
of total cellular dehydrogenase activity relative to that in
control cells (control = 100%).

Measurement of glutathione levels. The glutathione (GSH)
levels were measured using an optimized bimane assay.**
The working solutions of monochlorobimane (MCB, Sigma-
Aldrich, USA) were prepared fresh at the time of analysis by
dilution in Dulbecco's phosphate buffer (pH 7; 1 mmol L™,
Sigma-Aldrich, USA) and tempered at 37 °C for 30 min. After
the treatment of cells with the tested materials, 20 pL of the
MCB solution was added to the cells in 96-well plates and the
measurement started immediately (final concentration of
MCB in a well was 40 umol L™"). The fluorescence intensity
(Ex = 394 nm; E, = 490 nm) was measured kinetically for 20
min using a SPARK microplate reader (Tecan, Austria). The
fluorescence was expressed as the slope of a fluorescence
change over time. The GSH levels were expressed as the
percentage relative to the GSH levels in control cells (control
=100%).

In addition, we evaluated the occurrence of interference of
materials with the WST-1 and GSH assays. At the tested
concentrations, no significant interference of materials with
any of the used assays was found. The background signal was
always less than 5% of that in negative controls.

Statistical analysis. All experiments were repeated at least
three times independently. Three replicates were used in
each independent experiment. The results are expressed as a
mean =+ S.D. Statistical analysis was performed using
OriginPro 9.0.0 (OriginLab, USA). The analysis of variance
followed by Tukey's post-test was used to perform the mean
comparison at a significance level P = 0.05 (*, P < 0.05, ** P
< 0.01, ¥** P < 0.001).

This journal is © The Royal Society of Chemistry 2022
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Results and discussion
Characterization of fibers

The as-spun fibers were calcined to remove the carbonaceous
compounds (ie., carrier polymers and organic ligands of
metal-organic precursors). Therefore, the fibers experienced
some volume contraction and gravimetric loss based on the
burn-out of these compounds. However, the structural
integrity and the 3D bulky character of the fibers were
preserved after calcination. This is well supported by the
SEM images in Fig. 1 that show the as-prepared fibers. The
SEM images of the same materials, but at higher
magnification are shown in Fig. S1.}

Fig. 2 shows the SEM images of the corresponding ball-
milled inorganic fibers as a result of milling of the same
fibers shown in Fig. 1. As one can see from these images, the
fibers did not crack longitudinally (along their bodies), but
across their bodies. So, at the end, they became shorter than
the as-produced fibers shown in Fig. 1 and S1,f but not
necessarily smaller in diameter. Some fibers (e.g. TiO,, ZrO,,
SiO, VS) survived the milling without any further
morphological change apart from shortening, as
demonstrated for these selected fiber examples in Fig. S2.}
However, some other fibers underwent also partial
disintegration to nanoparticles (small fraction though) on the
side of the fibers, such as the SiO, sorbent and WO; fibers.
For these fibers, according to Fig. 2, there are clearly broken
fiber fragments embedded in the network of agglomerated
nanoparticles, most likely due to their amorphous nature
and overall brittleness. Fig. S3f shows the reference
nanomaterials used in this work in the as-purchased state.

Fig. 1 SEM images of the as-prepared inorganic fibers (scale bars
represent 10 um).

Environ. Sci.: Nano, 2022, 9, 4484-4496 | 4487
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Fig. 2 SEM images of the ball-milled inorganic fibers used in this work
for biological testing (scale bars represent 5 um).

These nanomaterials were not anyhow ball-milled for the cell
test. Statistical analyses of the fiber diameters and lengths
(upon ball-milling) were carried out for all inorganic fibers
shown in Fig. 2 as well as for the reference materials shown
in Fig. S3.f The mean values and standard deviations are
given in Table 2. As one can see, the average (mean) diameter
of all fibers is on the scale of a few hundreds of nanometers,
with a relatively broad diameter distribution. As one can see
from these results, ball-milling results in fibers with an
average length on the scale of 1.5 to 2.6 um for all types of
fibers, having a relatively broad distribution. Statistical
analyses of the reference nanomaterials were carried out as
well. The corresponding results are also shown in Table 2. All
nanoparticles and MWCNTs have dimensions that fit with
the product information.

View Article Online

Environmental Science: Nano

Table 2 includes the elemental composition of the fibers
obtained by EDX measurements. All fiber samples contained
the expected elements. In general, the atomic percentage of
the elements present in each sample correlates well with
their respective composition.

The textural characterization of fibers, represented by BET
analyses of the ball-milled fibers, showed that the highest
total specific surface area was obtained in the case of SiO,
fibers, as shown in Table 3. These fibers had also the largest
diameter (d = 631 nm), as shown in Table 2, and the second
largest volume of pores (Vioe = 0.342 m® g™'), which is,
together with the textural porosity, an essential parameter for
any material to be a robust sorbent, able to capture water or
other species, such as heavy metals.>®

Fig. 3 shows the X-ray diffractograms of the fibers with
crystalline structure. For the Al,O; samples, a distinct
single phase was revealed in both alpha and gamma cases.
On the other hand, two phases were revealed in ZrO, fibers
and both TiO, materials. However, it is typical for these
materials to possess a multi-phase structure, in particular
for materials calcined at a temperature of 500 °C.
Nevertheless, TiO, fibers contained mostly the rutile phase
(and only a minor anatase content). Last but not least, both
types of SiO, fibers were amorphous, yielding only a typical
broad diffraction pattern (shown in Fig. S4}), which is in
line with our previous work.*® Fig. S5t shows the X-ray
diffractograms of the reference nanoparticles and MWCNTs
for comparison. In fact, most of the reference materials,
including MWCNTSs, crystalline, except SiO,
nanoparticles, which were amorphous as well as their fiber
counterparts (as shown in Fig. S47).

were

The effect of fibers and reference materials in pulmonary
A549 cells

Cellular dehydrogenase activity. The aim of our study was
to evaluate the biological effects of various materials differing
in their shape and chemical composition. We chose lung
A549 cells which were treated with all tested materials shown
in Table 1 for 24 and 48 h. The tested concentrations were 1,

Table 2 Statistical evaluation of diameters and lengths of the fibers shown in Fig. 2 and diameters of the nanoparticles shown in Fig. S27

Mean diameter Standard deviation Mean length Standard deviation Elements revealed by EDX

Samples (nm) (nm) (nm) (nm) (atomic%)

SiO, sorbent 631 236 2167 1291 Si 27.83/0 72.17
SiO, VS 509 172 2063 1002 Si 34.44/0 65.66
ALO; a 392 152 2611 1738 Al 40.57/0 59.43
ALO; ¥ 496 128 2007 1683 Al 40.1/0 59.9
TiO, rutile 219 69 1597 1386 Ti 27.21/0 72.79
ZrO, 432 85 2166 1510 Zr 29.71/0 70.29
WO; 1074 264 2410 1041 W 31.14/0 68.86
SiO, NP 15 5 N/A N/A Si 30.51/0 69.49
Al,O; NP 65 26 N/A N/A Al 34.78/0 65.22
TiO, P25 20 8 N/A N/A Ti 35.24/0 64.76
ZrO, NP 30 11 N/A N/A Zr 32.38/0 67.62
WO; NP 66 48 N/A N/A W 40.09/0 59.91
MWCNT 13 3 N/A N/A C 94.94/0 5.06

4488 | Environ. Sci.: Nano, 2022, 9, 4484-4496
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Table 3 Textural properties of the ball-milled inorganic fibers and reference materials

SBET Smeso+ext Vﬂ Vtot

Sample (m?g™) (m*>g™) (ecm®g™) (m*g™") Characteristics

Sio, 460.0 387.3 0.031 0.342 Mesoporous material, pores between 2 and 10 nm

sorbent

SiO, VS 96.5 92.6 0.002 0.417 Mesoporous material — pores are larger than 10 nm, broad distribution to 100 nm (or
dinitrogen condensation in inter-particle void space)

ALOs; o 5.2 5.2 0.000 0.015 No micro- and mesopores

AlLOz v 70.8 70.8 0.000 0.120 Small volume of pores below 10 nm

TiO, 6.0 6.0 0.000 0.018 No micro- and mesopores

rutile

ZrO, 8.9 8.9 0.000 0.032 No micro- and mesopores

WO, 22.3 22.3 0.000 0.084 No micro- and mesopores

SiO, NPs 190 175.8 0.005 0.335 Non-porous material with a particle size (based on a geometric model of spherical particles)
of 7.2 nm in radius, the total pore volume is related to the interparticle space

Al O3 170 163.3 0.001 0.637 Non-porous material with a particle size (based on a geometric model of spherical particles)

NPs of 5.0 nm in radius, the total pore volume is related to the interparticle space

TiO, P25 54.8 48.8 0.002 0.142 Non-porous material, the radius is roughly estimated to be 12 nm (spherical particle). V. is
related to condensation in inter-particle void space

ZrO, NPs 24 23.8 0.000 0.071 Non-porous material, with a particle size (based on a geometric model of spherical particles)
of 21.8 nm in radius

WO; NPs 6.4 6.4 0.000 0.034 Non-porous material, with a particle size (based on a geometric model of spherical particles)
of 65.4 nm in radius

MWCNTs 167.8 164.3 0.002 0.530 Steadily increasing adsorbed amount at higher relative pressure can be ascribed to the

dinitrogen condensation in the inner void space of nanotubes (main part of the volume is
related to the void space diameter above 20 nm)

10 and 100 ug mL™". In addition, MWCNTs inducing strong
cell damage were used as a positive control.

Firstly, we estimated all tested materials for the endotoxin
contamination. We found that the concentration of
endotoxin in all fibers, nanoparticles and MWCNTSs occurred
at the detection limit of the assay (<0.005 EU mL™"). Thus,
all tested nanomaterials were proven to be endotoxin-free.
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Then, we estimated the effect of the materials on the cell
viability by measurement of intracellular dehydrogenase
activity using the WST-1 test. Our results (Fig. 4A) showed
that 1 and 10 ug mL™" concentrations of all tested materials
except 10 pg mL™' WO, did not induce a significant
decrease in cellular dehydrogenase activity after 24 h of
incubation. On the other hand, 24 h of treatment with 100
ug mL™" Al,O; a, TiO, rutile or WO; fibers and 100 pug mL™
Al, O3, TiO, P25 or WO; NPs caused a significant decrease in
dehydrogenase activity. The largest impairment was found
in MWCNT and Al,O; o fiber treated A549 cells, where the
dehydrogenase activity was reduced to 73 + 5% (P < 0.001)
and 83 + 7% (P < 0.001), respectively, compared to
untreated cells.

After 48 h, we found that the cell damage predominantly
deepened (Fig. 4A) in cells treated with 100 pg mL™"
concentration of some materials in comparison to 24 h. In
addition, we detected a significant impairment in cells
exposed also to 10 pg mL™" SiO, VS fibers. Although the
significant cell damage was induced by most of the tested
materials, none of them caused cellular impairment at the
extent comparable to MWCNTs. We conclude that according
to the outcomes from the WST-1 test, the largest cellular
impairment was caused by Al,O;- and TiO,-derived materials.
However, the cell damage was predominantly detectable only
at the highest tested concentration and none of the tested
materials induced cell damage comparable to MWCNTs. No
significant changes of cell metabolism were observed in A549
cells treated with ZrO,-derived materials. Importantly, no
significant difference in induction of cell impairment was
found after comparison of dehydrogenase activities of cells
treated with fibers and NPs of the same chemical

Environ. Sci.: Nano, 2022, 9, 4484-4496 | 4489
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composition (the original data are reported in the ESLj Table
S1). Another graphical representation of the same results is
shown for comparison in Fig. S6a,t where the grouping was
carried out according to chemical compositions, not
morphologies.

Glutathione levels. In addition to the WST-1 test, we
measured the cellular levels of glutathione (GSH), as the
essential intracellular antioxidant. The results on GSH levels
(Fig. 4B) showed that there was a positive correlation with
the findings observed using the WST-1 test. After 24 h of
treatment, a significant glutathione depletion was found in
A549 cells treated with 100 pg mL™ Al,O; a, Al,O; v and TiO,
rutile fibers and with 100 ug mL™" TiO, P25 in comparison
with untreated cells. The largest GSH depletion was found in
MWCNTs and TiO, rutile fibers treated cells where GSH
levels were reduced to 78 + 12% (p < 0.001) and 80 + 7% (p <
0.001), respectively, compared to untreated cells. At 24 h, no
significant effect on GSH levels was observed after treatment
with SiO,, ZrO, or WO; fibers and with Al,O;, SiO,, ZrO, or
WO, NPs.

4490 | Environ. Sci.: Nano, 2022, 9, 4484-4496

After 48 h of treatment, GSH levels remained depleted in
A549 cells treated with all materials causing GSH depletion
after 24 h (Fig. 4B). In addition, significant GSH depletion
was detected in A549 cells exposed to 100 pg mL™" SiO, VS
and WOg; fibers. Although significant, the negative biological
effect of SiO, VS and WO; fibers was, however, very mild
because the incubation with both materials reduced the GSH
levels only by 10%, compared to untreated cells. The largest
GSH depletion was found again in MWCNT treated A549 cells
(74 £ 11%, p < 0.001, vs. untreated cells). The GSH
concentration after incubation with 100 pg mL™ ALO; a,
Al,O; y and TiO, rutile fibers or with 100 pg mL™ TiO, P25
NPs occurred between 77% and 83% of GSH levels found in
untreated cells. In summary and in accordance with the
outcomes from the WST-1 test, the measurements of GSH
levels in A549 cells treated with the tested materials did not
show any significant relation of observed toxicity to the shape
of a nanomaterial at similar concentrations. Only Al,O; and
WO; fibers at the highest concentration of 100 ug mL™
seemed to exhibit a larger capability to deplete glutathione

This journal is © The Royal Society of Chemistry 2022
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levels than nanoparticles of the same chemical composition
(the original data are reported in the ESL} Table S2).

Another graphical representation of the same results is
shown for comparison in Fig. S6b,; where the grouping was
carried out according to chemical compositions, not
morphologies.

Comprehensive discussion. A continuously increasing
number of commercial products used in everyday life contain
a considerable number of nanomaterials. The industrial
environment causes the most common exposure of humans
to nanomaterials and therefore it represents the largest
potential health risk. The topical aim of the present study
was to evaluate the cellular effects of new, unique types of
inorganic fibers (Al,O3, SiO,, ZrO,, TiO, and WOj). The
biological effects of fibers were compared to commercially
available Al,O3, SiO,, ZrO,, TiO, and WO; nanoparticles and
MWCNTs. Our original intention was to perform an
introductory screening in cells to compare the biological
effects of NPs and fibers of the same chemical composition.

The toxicity of inorganic fibers depends on numerous
factors such as chemical composition, length, persistency in
the biological environment, dosage, mechanical resistance
and solubility.*® In general, penetration of a material (such
as herein the presented fibers) into a living organism always
depends on its dimensions and morphology and it is a
complex process. An important factor that determines the
toxicity of fiber materials, including asbestos, wires, tubes
and fibers, are the length, aspect ratio and material structural
changes,®*®*” which was confirmed by other studies
providing a risk assessment of fibers.*® There are studies
reporting that for some materials (e.g., carbon nanotubes,*’
ZnO nanoparticles’’) the morphology and aspect ratio had an
effect on the toxicity of particles and fibers." We are
convinced that our discussion on the effect of morphology
and aspect ratio on toxicity will widen the current view in this
field.

In general, all materials can be contaminated with
endotoxins, ie. lipopolysaccharides, during the
manufacturing process, ball milling or handling. Endotoxin
contamination of materials can report false positive results,
including synergic pro-inflammatory effects and reactive
oxygen species production.**** Thus, we estimated all tested
materials for endotoxin contamination. We confirmed that
all tested materials were endotoxin-free, thus, they could be
used for relevant biological testing in A549 cells.

The A549 human lung adenocarcinoma cell line was
established in 1972.*" It possesses characteristic features of
the type II lung cells with typical lamellar bodies and
consistent metabolic and transport properties.*> Numerous
toxicology studies reported the use of A549 lung cells in
biological testing of nanomaterials including TiO,, Ag,0 and
ZrO, nanoparticles,*™*” core-shell materials,** nanotubes,*
nanowires®® and nanosheets.*® Because no information have
been published on the relevant doses of nanomaterials
during pulmonary exposure in humans, we selected the
concentrations of the tested nanomaterials to be 1-100 pg

This journal is © The Royal Society of Chemistry 2022
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mL™ according to reports on the testing of viability and
toxicity in cells after treatment with nanomaterials.*®>~>°

We tested the treatment of A549 cells with fibers and
nanoparticles in the range of concentrations 1-100 ug mL™"
for 24 and 48 h. We estimated the effects of nanomaterials
on cell viability (ie. intra- and extramitochondrial
dehydrogenase activity measured using the WST-1 test) and
intracellular GSH levels. We chose these two assays because

the mitochondria can be an intracellular target of
nanomaterials due to their reaction with highly reactive
groups of mitochondrial proteins.'*'> In addition,

nanomaterials produce ROS causing oxidative stress.’® The
amount of generated ROS is dependent on the crystalline
phase of the nanomaterial.>” Moreover, because GSH is an
important intracellular antioxidant acting as an electron
donor,”" the oxidative damage of cells can be monitored by
measuring GSH depletion.’® We used MWCNTSs as a positive
benchmark material for cell viability and GSH level
evaluation. MWCNTs have been used as a reference positive
control in a number of recent studies.®'*>*°"°" After 24 and
48 h, the treatments with 100 pg mL™" MWCNTs reduced the
cell viability and GSH levels approximately to 70% (compared
to untreated cells). Other reports showed that 80 ug mL™"
MWCNTs significantly decreased the viability of A549 cells
after 48 h.%* In addition, MWCNTSs were proven to have toxic
effects on A549 cells after 24-72 h (ref. 8) and on alveolar
macrophages after 1-5 days.®® In summary, the susceptibility
of A549 used in our study was comparable to other studies
estimating MWCNT nanotoxicity.

Because of the uniqueness of the fibers tested in our
study, we were not able to compare our outcomes with the
results of experiments on testing fibers reported previously.
Therefore, with our best effort, we compared our results on
fiber toxicity assessment with other studies testing
nanoparticles of the same chemical composition.

According to our results, the group of Al,Oj-derived
materials exhibited the largest toxicity. Although no toxicity
was observed at concentrations 1 and 10 pg mL™" in all tested
Al,O; fibers and NPs, we found a decrease in cell viability in
A549 cells treated with 100 ug mL™" Al,O; a fibers and Al,O;
NPs. The changes of GSH levels confirmed the finding that
100 pg mL™" Al,O; fibers induced toxicity in treated cells as
well. Some previous studies reported that 10-200 pg mL ™"
Al,O; NPs are capable of inducing cell impairment after 24 h
incubation in human skin and murine fibroblasts.®* Another
study also observed a dose-dependent toxic effect on cell
viability and GSH levels in multiple cell lines after exposure
to Al,O; aand Al,O; y NPs.>® The toxic effect of Al,0; NPs
was reported also in other studies®®® confirming our
findings on the general toxicity of Al,O; materials.

SiO, fibers and NPs were not capable of inducing any cell
injury at 24 h based on the WST-1 test outcomes.
Comparable results can be found in recent studies reporting
no decrease in cell viability after A549 cell treatment with 10
ug mL™ SiO, NPs for 24 h.%” After 48 h, the cell viability was
slightly decreased in 100 ug mL™ SiO, VS fibers and SiO,

Environ. Sci.. Nano, 2022, 9, 4484-4496 | 4491
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NPs. Here the presented finding of the time-dependent toxic
effect of incubation with SiO,-derived materials can be
supported by a study reporting toxicity in 100 pg mL™" SiO,
NPs treated cells for 48 h.*® Further, some studies reported
that SiO, NPs are capable of inducing GSH depletion at levels
>50 pug mL™" after 24 h (ref. 68 and 69) and 48 h of
treatment.”® Our results, however, showed that GSH levels
were significantly decreased after incubation of A549 cells
only with 100 ug mL™ SiO, VS fibers at 48 h. The difference
in the induction of glutathione depletion between the two
types of SiO, fibers may be caused by the slightly different
chemical composition, diameter or surface area of the fibers.
However, it is difficult to quantify at this stage what
contribution can be prevailing for this trend.

After treatment with ZrO, fibers, we found no biological
effects on both dehydrogenase activity and glutathione levels
in A549 cells. Only, at 48 h, the concentration of 100 ug mL™"
ZrO, fibers induced an insignificant GSH depletion. Despite
a limited number of studies using ZrO, materials, our results
showing negligible cellular effects of ZrO, fibers are in good
accordance with studies of Brunner et al.”’ reporting good
biocompatibility of ZrO, NPs, of Stoccoro et al” evaluating
the surface modification in ZrO, NPs and of Karunakaran
et al.”® reporting that a decrease in the cell viability can be
observed only after treatment with >200 pg mL™" ZrO, NPs
for 48 h.

In our study, we also tested the biological effects of TiO,
rutile fibers on A549 cells. We detected changes in
intracellular dehydrogenase activity and GSH depletion in all
incubation times with the highest concentration, ie., with
100 pug mL™" TiO, rutile fibers. There is only a limited
number of studies that addressed the toxic potential of
modified TiO, materials, thus the results presented here can
be compared only with studies using TiO, anatase fibers.
Hamilton et al. (2009) showed that the change of an anatase
TiO, nanomaterial to a fiber larger than 15 pm created highly
toxic particles and caused inflammatory response by alveolar
macrophages very similar to asbestos and silica fibers.*® A
recent paper concluded that the effect of TiO, fibers caused a
cell-specific, dose-dependent decrease of cell viability, with
larger effects on alveolar epithelial cells than on
macrophages (Allegri et al.'?). Similar reports revealed that
fibers from TiO, anatase may induce a significant cytotoxicity
likely caused by the ROS generation.’® In the study by
Bianchi et al,® two different batches of TiO, fibers with
different overall lengths were investigated. It was shown that
longer TiO, fibers (corresponding to the batch with 50% of
fibers longer than 15 pm) were more cytotoxic than shorter
TiO, nanofibers (corresponding to the batch with 5% of
fibers longer than 15 um, the rest shorter).® In addition, the
biological effects of the here tested fibers TiO, rutile were
compared with the commercial NP TiO, P25 which have been
widely used in the literature. We found a significant decrease
of cell viability after 24 and 48 h of treatment with 100 pg
mL™" TiO, P25 in A549 cells and a significant GSH depletion
after 24 and 48 h. This is in good agreement with a number
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of previous papers reporting similar findings of decreased
cell viability and GSH depletion in the A549 cells after
exposure to TiO, P25,'%4%3474777

The last group of tested materials consisted of WO;. We
tested WO; fibers and NPs causing a mild decrease in
dehydrogenase activity only after 24 h because A549 cells
recovered the dehydrogenase activity after 48 h. Our results
can be compared only with a limited number of reports
evaluating the biological effects of WO; NPs reporting that
WO; NPs induced no significant cell damage after 24 h
incubation with several cell lines.'®*>**7478% Thys,
results are in accordance with those studies showing no
significant toxicity of WO; derived materials.

our

Conclusions

In our study, we evaluated the cellular toxicity of unique
inorganic fibers, which have been recently synthesized and
brought to the market. We conclude that fibers seem to be
equal or even less potent inducers of cell damage in
comparison to nanoparticles of the same chemical
composition. In addition, we found that the tested fibers of
different chemical composition caused no or very mild cell
impairment in pulmonary A549 cells treated only with the
highest concentration, i.e., 100 pg mL™". On the other hand,
Al,O5; o and Al,O; v fibers were found to cause moderate cell
toxicity generally implying their possible limitations for the
use in biological applications. The present study on testing
elementary biological effects of inorganic fibers and
nanoparticles provides primary findings that can serve as a
basis for further, more detailed scientific studies.
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