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Imogolite: an aluminosilicate nanotube endowed with low cytotoxicity and genotoxicity
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- Non genotoxic

- High hydrophilicity
- AI(OH)AI bridges on the external surface
- Silanols only inside

- Agglomeration in cell vacuoli

- Non inflammogenic

A biologically
inactive HARN - Non perturbing trans-epithelial permeability
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ABSTRACT

High-Aspect Ratio Nanomaterials (HARN) - typically single-walled (SWCNT) or multi-walled
carbon nanotubes (MWCNT) - impair airway barrier function and are toxic to macrophages. Here
we assess the biological effects of nanotubes of imogolite (INT), a hydrated alumino-silicate
[(OH);Al,O3SiOH] occurring as single-walled NT, on murine macrophages and human airway
epithelial cells. Cell viability was assessed with resazurin. RT-PCR was used to study the
expression of Nos2 and Argl, markers of classical or alternative macrophage activation,
respectively, and nitrite concentration in the medium was determined to assess NO production.
Epithelial barrier integrity was evaluated from the Trans-Epithelial Electrical Resistance (TEER).
Potential genotoxicity of INT was assessed with Comet and Cytokinesis-block Micronucleus
Cytome assays. Compared to MWCNT and SWCNT, INT caused much smaller effects on
RAW264.7 and MH-S macrophage viability. The incubation of macrophages with INT at doses as
high as 120 pg/cm® for 72h did not alter either Nos2 or Argl expression nor increased NO
production, while IL6 was induced in RAW264.7 but not in MH-S cells. INT did not show any
genotoxic effect in RAW264.7 and A549 except for the decrease of DNA integrity observed in
epithelial A549 cells after the treatment with the highest dose (80 pg/cm?). No significant change in
permeability was recorded in Calu-3 epithelial cells monolayers exposed to INT, while comparable
doses of both SWCNT and MWCNT lowered TEER. Thus, in spite of their fibrous nature, INT

appear not markedly toxic for in vitro models of lung-blood barrier cells.

Key Words: imogolite, genotoxicity, cytotoxicity, macrophages, airway epithelium, trans-epithelial

electrical resistance, nanotubes
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INTRODUCTION

Different kinds of nanomaterials are increasingly produced for several technical and bio-medical
applications, because of their peculiar mechanical and electrical properties. However, the
consequences of the interaction of these novel materials with biological systems are often not
completely understood and their potentially toxic effects are still the object of debate and cause of
concern,'™

Among nanomaterials, carbon nanotubes (CNT) and other High Aspect Ratio Nanomaterials
(HARN), are a cause for concern due to their asbestos-like morphology. Evidence exists that a
fraction of CNT reaches the pleura, with consequent retention of long fibres, inflammation, fibrosis
and several pathologies, including mesothelioma, similar to that observed for asbestos fibres.” The
question arises whether any nanotube with close morphology would exert the same effect or
different materials might behave in quite different ways.6’7

Imogolite is a nanotubular aluminosilicate with stoichiometry (OH);Al,O3SiOH that naturally
occurs in volcanic soils and may be also obtained with high purity by sol-gel synthesis.*” Imogolite
nanotubes (INT) exhibit Al-O-Al and AI(OH)AI groups at the outer surface and SiOH groups at the
inner surface, as shown in Scheme 1. Typically, INT have inner diameter of about 1.0 nm, outer
diameter of 2.0-2.7 nm, and variable length in the micrometer range,'® thus structurally resembling
single-walled carbon nanotubes (SWCNT).

Once formed, INT are expected to arrange as a porous network of interwoven bundles with three
kinds of pores, depicted in Scheme 2:'' (A) intra-tube nanopores (about 1 nm wide); (B) inter-tube
pores corresponding to the spacing among three aligned nanotubes in a regular packing (0.3-0.4 nm
wide) and (C) slit mesopores among bundles.

Besides being a subject of interest in the pedological field, INT are endowed with propeﬁieslz'14

that render them candidates for several industrial applications, such as separation or storage of

14-16 17,18
b

gas uptake of anions and cations from water and catalysis.”'” This variety of potential

4
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applications explain the interest in synthesizing imogolite-like structures, such as single-walled or
double-walled aluminogermanate nanotubes.”’>*

Very little information is available on INT toxicity. A study concerning an aluminogermanate
imogolite analogue reports length and dose-dependent genotoxic effects, in the absence of
significant cytotoxic events in cultured human fibroblasts.”> However,it must be noted that, besides
their different chemical composition, aluminogermanate NT are shorter in length and have a larger
diameter, finally exhibiting a markedly different morphology with respect to proper INT. Since INT
can be synthesized and aligned into densely-packed arrays oriented in a single dimension,*® they
may be of interest as a biological scaffold that mimics the fibrous morphology of type I collagen. A
single study on possible biomedical applications of INT*® shows indeed good bio-compatibility in
osteoblast cultures, in terms of cell spreading, cell proliferation, and enhanced matrix
mineralization; however, possible toxicity has not been investigated.

The present study has been undertaken to assess INT biological effects in vitro, using macrophages
and airway epithelial cells, two cell models in which HARN toxicity has been repeatedly
investigated. For this purpose, INT with controlled morphology have been synthesized and
employed in several toxicity-related tests. Physico-chemical characterization has included material
morphology, surface charge, specific surface area, and hydrophilicity. In order to assess a large
number of properties usually associated with lung damage, the ability to generate free radical
species in cell-free test, cellular uptake, cell viability, genotoxicity, macrophage activation, and

changes in epithelial permeability have been investigated.
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EXPERIMENTAL PROCEDURES
Materials

9,27
at

Imogolite nanotubes (INT) were synthesized according to the method described previously:
20°C TEOS (Tetra-ethoxysilane) and Al(s-butoxide)s; were added to a 75 mM aqueous solution of
HCIOy4 in the molar ratios Si: Al: HCIO4 =1 : 2 : 1. A slight excess of TEOS was used, in order to
prevent preferential formation of aluminium hydroxide during hydrolysis. The solution was stirred
for 18 h, diluted to 20 mM in Al, autoclaved at 100°C for 4 days, dialyzed for 4 days against de-
ionized water and then dried at 50°C.

Commercial SWCNT (Aldrich 636797, Lot 12526AE, 1.1 nm x 5-15 um, BET 400 m*/g according
to manufacturer) were also obtained from Sigma-Aldrich. They consist of SWCNT (> 50%) and of
other nanotubes (MWCNT and double-walled CNT, 40%) with < 5% amorphous carbon and traces
of metals (Co 0.6%, Mg 1.2%, Mo 0.1%)), as declared by the supplier. Commercial MWCNT
(Aldrich 659258, 110-170 nm x 5-9 pum) were obtained from Sigma—Aldrich, Milan, Italy.

MWCNT Aldrich 659258 have a SSA 22.6 + 0.38 m*/g and are largely made of multi-walled

nanotubes (at least 90%), with residual amorphous carbon.

Characterization of imogolite nanotubes

Field Emission Scanning Microscopy (FESEM) pictures of the three nanomaterials were collected
with a high resolution FESEM instrument (LEO 1525) equipped with a Gemini Field Emission
Column.

Specific Surface Area (SSA) was measured according to the BET (Brunauer-Emmett-Teller)
method. N, adsorption isotherms were measured at —196 °C on INT previously outgassed at 300 °C
in order to remove water and other atmospheric contaminants, but still preserving INT integrity
(Quantachrome Autosorb 1C instrument). NL-DFT (Non Local Density Functional Theory)28

method was used to evaluate pore size distribution (PSD) by applying a N,-silica kernel.
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The surface electrical charge of INT was evaluated by measuring their {-potential both in water and
in two complete cell culture media, namely F12 and MEM. (-potential curves as a function of pH
were measured at 25°C by means of electrophoretic light scattering (ELS) technique (Zetasizer
Nano- ZS, Malvern Instruments, Worcestershire, U.K.). INT suspensions were obtained after 2 min
sonication with an ultrasonic probe (100 W, 20 kHz, Sonoplus; Bandelin, Berlin, Germany); the pH
of the suspension was adjusted by adding either 0.1 M HCI or 0.1M NaOH.

Surface hydrophilicity was evaluated by gas-solid adsorption microcalorimetry. A heat flow
microcalorimeter (Calvet-type, Setaram, France) connected to a high-vacuum gas-volumetric glass
apparatus was employed. Subsequent doses of water vapor were admitted onto the sample and
adsorbed amounts, released heat and equilibrium pressure were measured for each dose when the
thermodynamic equilibrium was attained. The calorimeter was maintained at 30°C throughout the
adsorption experiment. The equilibrium pressure (p H,O, Torr) was monitored by means of a
transducer gauge (Barocell 0—100 Torr, Edwards). A typical adsorption sequence comprised three
subsequent runs, with the following procedure: (i) dosing successive amounts of water vapor onto
the sample up to a defined equilibrium pressure, typically 10 Torr (Ads 1), (ii) desorption at 30°C
under vacuum, and (iii) readsorption of similar doses up to the same pressure, in order to evaluate
the fraction of adsorbate which is reversibly held at the surface (Ads II). Adsorbed amounts were
normalized to the unit surface area (nags, umol/mz) and plotted in the form of volumetric isotherms.
Differential heats of adsorption, which represent the enthalpy changes (qdiff = -A,gsH) associated
with the process, were plotted as a function of the increasing water uptake. Prior to the adsorption
measurement, the sample was outgassed in the calorimetric cell for 2 h at 150°C, and subsequently

transferred into the calorimetric vessel without any exposure to the atmosphere.
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Free radical generation in cell-free-test

Free radical release, upon incubation of INT with either H,O, (yielding hydroxyl radicals) or
sodium formate (yielding carbon centred radicals as a consequence of homolytic cleavage of a C-H
bond), was measured by Electron Paramagnetic Resonance (EPR) spectroscopy using the Spin
Trapping technique with 5,5’-dimethyl-1-pyrroline-N-oxide (DMPO) as trapping agent according to
a technique well established in our laboratory.”” Two amounts (7 and 70 mg) of powder were tested.
HO’ generation was measured by suspending INT in 500 ul of 0.5 M phosphate buffer (pH = 7.4),
then adding 250 pl of 0.17 M DMPO and 500 pl of 0.2 M H,0,. The production of CO, " radicals
was measured by suspending INT in 500 pl of 0.17 M DMPO, then adding 500 ul of a 2 M sodium
formate solution in 0.5 M phosphate buffer. The number of radicals released is proportional to the
intensity of the EPR signal measured by double integration. Kinetics of free radical yield was

followed for at least 1 h.

Cell culture and treatments

For viability and gene expression studies two murine macrophage cell lines have been used:
RAW264.7, obtained from the Istituto Zooprofilattico Sperimentale della Lombardia (Brescia,
Italy) and MH-S,*° obtained from prof. Dario Ghigo, Department of Biochemistry, University of
Turin. Cells were cultured in RPMI. These lines, have been extensively used in toxicological
studies.’'™

For genotoxicity studies, RAW264.7 cells, cultured in Minimal Essential Medium (MEM), and
alveolar carcinoma A549 cells, cultured in F-12 medium, were provided by prof. Lucia Migliore,
University of Pisa. RAW264.7 and A549 cells were selected as they are widely used to assess
genotoxicity effects of nanomaterials in vitro. 7

For studies of epithelial permeability, Calu-3 cells, derived from a human lung adenocarcinoma,’®

were obtained from the Istituto Zooprofilattico Sperimentale della Lombardia (Brescia, Italy) and
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cultured in Eagle’s Minimum Essential Medium (EMEM) supplemented with 1mM sodium
pyruvate. Calu-3 cells have been extensively used in recent studies to investigate airway epithelium
permeability.”'45

For all cell types, media were supplemented with 10% fetal bovine serum (FBS), 1% Pen/Strep and
2 mM glutamine and cultures were maintained at 37°C under a humidified atmosphere of 5%
C0O,/95% air.

Before the experiments, INT, SWCNT and MWCNT were heated at 220 °C for 3h to eliminate
possible contamination from lipopolysaccharide. For viability and gene expression experiments,
after cooling at room temperature, nanomaterials were dispersed at a concentration of 1mg/ml in
sterile phosphate-buffered saline (PBS) to obtain stock suspensions for a series of experiments.
Immediately before each experiment, the materials were extensively vortexed, sonicated three times
for 15 min in a Bransonic Ultrasound bath, and then added to normal growth medium to reach the
desired concentration. No detergent was used to improve the solubility of nanomaterials in aqueous
solutions. After the addition, CNT and INT tend to precipitate and to form more or less expanded
agglomerates, clearly detectable with optical microscopy, that come into contact with the cell
monolayer (not shown). For genotoxicity studies the highest dose was obtained dispersing the

nanotubes in the medium and obtaining the other doses by dilution in the wells.

. 2
Nominal doses were expressed as ug of nanotubes per cm” of monolayer.

Viability

Cell viability of RAW264.7 and MH-S was tested with the resazurin method* in cells seeded in 96-
well dishes (30 x 10° cells/well). According to this method, viable cells reduce the non-fluorescent
compound resazurin into the fluorescent resorufin that accumulates into the medium. After the

exposure to INT or CNT, carried on in thermostat, cells were incubated for 1 h with fresh, serum-
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free medium supplemented with 44 uM resazurin; fluorescence was then measured at 572 nm with
a fluorimeter (Wallac 1420 Victor2 Multilabel Counter, Perkin Elmer).

For Calu-3 monolayers grown in a double chamber culture system (see below), resazurin was added
at both sides of the monolayer and fluorescence was measured in the apical compartment.*’

The possible interference of the nanomaterials with resazurin was assessed both in the absence and
in the presence of cells. While MWCNT and INT (both at the dose of 80 pg/cm? of culture surface)
did not appreciably quench resorufin fluorescence, SWCNT produce a significant dose-dependent
quenching (data not shown). Therefore, the data on vitality relative to treatment with SWCNT were
adequately corrected, taking into account the contribution of quenching, through the empirical,
experimentally derived formula Fc = Fy - (1 +0.0083 - Ds) where Fc is the corrected fluorescence,

Fy is the measured fluorescence, Ds is the dose of SWCNT (expressed as pg/cm?).

Gene expression

Total RNA, extracted from cells, seeded in 6-well dishes (300 x 10° cells/well) and grown to
subconfluency, with RNeasy Mini Kit® (Qiagen S.p.a., Milano, Italy), was reverse transcribed and
40 ng of cDNA amplified and treated as described previously.” The forward and reverse primers (5
pmol each) used are detailed in Table I. Quantitative PCR was performed in a 36 well Rotor
Gene™ 3000, version 5.0.60 (Corbett Research, Rotor-Gene™ 3000, version 5.0.60, Mortlake,
Australia). Fluorescence was monitored at the end of each extension step. A no-template, no reverse
transcriptase control was included in each experiment. At the end of the amplification cycles a
melting curve analysis was added. RT-PCR data are expressed as the ratio between the mRNA of

interest and that of Gapdh.

10
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Nitric oxide production

The production of NO was assessed through the quantification of nitrites, stable derivatives of NO,
in the culture medium, employing a fluorimetric approach described previously.49. Nitrite
concentration was calculated from a calibration curve performed with NaNO, standards and
expressed in nmoles/ml extracellular medium (uM). Calibration curves, performed in the absence or
in the presence of INT at the dose of 120 pg/cm® of culture surface, were comparable (data not

shown) indicating that INT do not interfere with the method.

Comet assay
RAW264.7 and A549 cells were seeded and treated for DNA damage evaluation as previously
described.”® The single-cell gel electrophoresis (or Comet assay) was performed according to Singh

et al.”!

with slight modifications. Briefly, cell suspensions were embedded in agarose, spread onto
microscope slides, lysed (NaCl 2.5 M, Na,EDTA 100 mM, Trizma Base 10 mM, 10%
dimethylsulphoxide, 1% Triton X-100; pH 10) and kept for at least 1 h at +4°C in the dark.
Successively, slides were treated with alkali (NaOH 300 mM, Na,EDTA 1 mM, pH >13) and
electrophoresed for 20 min at 25 V and 300 mA. After run, slides were neutralized with Tris—HCl
(0.4 M, pH 7.5), stained with ethidium bromide and observed under a fluorescence microscope
(400x). The percentage of DNA migrated towards the anode (tail DNA) was quantified by an image
analyser (Kinetic Imaging Ltd, Komet, Version 5). At least 25 nuclei per slide and two slides per
sample were scored, and the average value was calculated. A total of 300 cells were scored for

experimental point. Three independent experiments were carried out for each treatment. Cell

viability was assessed by Trypan blue dye exclusion technique.

11
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Cytokinesis-block Micronucleus Cytome assay

RAW264.7 and A549 cells were seeded and treated for cytogenetic studies as previously reported.™
Cytochalasin B (4 pg/ml) was added 44 h after seeding. Cells were washed with Hanks’ Balanced
Salt Solution 72 h after seeding, detached and centrifuged at 500xg for 10 min. Pellets were treated
with 1 ml of hypotonic solution (KCI 0.075 M) at 37°C, pre-fixed with methanol:acetic acid 3:5.
Cells were centrifuged and pellets suspended in a fresh and cold (+4°C) fixative solution (methanol
and acetic acid 7:1), then kept at +4°C for at least 30 min. After a second fixative step, cells were
dropped onto slides and stained with 2% Giemsa. 1000 binucleated cells for slide were analyzed
and 2 slides for each well were set up for a total of 4000 cells scored per treatment. Two samples
were set up for a total of 4000 cells scored per treatment. Two independent experiments were
carried out for each treatment. Micronuclei (MN) and nucleoplasmic bridges (NPB) were scored

52,53
h

according to the criteria set by Fenec and their frequency was recorded as %o of binucleated

cells.

Trans-Epithelial Electrical Resistance

For measurements of the Trans-Epithelial Electrical Resistance (TEER), Calu-3 cells were seeded
into double chamber culture inserts on membrane filters (pore size of 0.4 pm) for Falcon 24-well-
multitrays (Cat. N° 3095, Becton, Dickinson & Company, Franklin Lakes, NJ, USA), at a density of
75x10° cells/300 pl. Measurements of TEER were made on monolayers grown for 10-14 d, using
an epithelial voltohmeter (EVOM, World Precision Instruments Inc., Sarasota, FL, USA). Materials
were added in the apical chamber from a 1 mg/ml stock solution without changing the medium.
TEER changes were expressed as the percentage of the initial value adjusted for control cell layers

according to the equation:>*

12
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Final TEER cated Initial TEER (onirol

Atger % = X x 100

Final TEER control Initial TEER reated

Internalization

To test INT internalization, cells exposed for 24 h to 80 pg/cm? of INT were centrifuged, washed
and treated with Karnovsky fixative for 5 h at 36.4°C, washed in 0.1 M sodium cacodylate solution
overnight, post-fixed in 1% osmium tetroxide for 2h in the dark at room temperature, newly washed
with the same buffer solution and dehydrated in graded series of ethanol. Samples were pre-
embedded in Epon Araldite—propylene oxide 1:1 mixture overnight, followed by pure Epon
Araldite for 6 h, then embedded in Epon Araldite at 60°C for 48 h.>® Ultra-thin sections (70-90 nm)
were cut using a Reichert-Jung Ultracut E ultramicrotome, collected on 200-mesh carbon-coated
copper grids stained with uranyl acetate and lead citrate and observed with a JEOL 100 SX

transmission electron microscope.

Statistical analysis

Values of viability, TEER, and nitrite production were analyzed with ANOVA using post hoc
Bonferroni test and expression data were evaluated with a t-test for unpaired data.

Multifactor Analysis of Variance (MANOVA) was carried out on Comet and Cytome assay data,
considering dose, experimental time, culture, cell type, and experiment as factors. The Multiple
Range Test (MRT) was performed in order to detect differences among different experimental

groups. Level of statistical significance was considered for p values < 0.05.

13
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Reagents
L-glutamine, FBS, and culture media were purchased from EuroClone SpA, Pero, Milan, Italy.
Recombinant human interleukin-4 (IL-4) was obtained from RELIAThech GmbH, Wolfenbuttel,

Germany. Sigma—Aldrich (Milan, Italy) was the source of all the other chemicals.

14
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RESULTS

Characterization of imogolite nanotubes

Figure 1, Panel a, shows a FE-SEM picture of imogolite nanotubes (INT). As reported in the
literature and illustrated in Scheme 2, INT are several microns long and arranged into bundles
forming an interwoven porous network so that it is not possible to observe “single” INT, but only
bundles.”'* No other morphology, such as spherical particles attributable to the presence of proto-
imogolite, a common impurity in INT obtained by synthesis,” was observed by FE-SEM analysis,
indicating that a pure INT sample was obtained. A picture of SWCNT is reported in Figure 1, Panel
b, confirming the presence of MWCNT besides actual SWCNT, as reported in the Materials and
Methods section. Image of MWCNT shows the presence of large, 100-200 nm wide tubes (Panel
c).

Figure 2a reports the N, isotherm measured at —196 °C on dehydrated INT; a type I isotherm was
observed, with no hysteresis loop, as expected for INT.’ The corresponding BET SSA was 384 m” g’
" and the overall microporous area (due to intra-tube pores) was indeed 261 m? g': Figure 2b
reports the PSD as obtained by applying the NL-DFT method to isotherm adsorption branch: a
major family of pores was seen with maximum diameter at about 1.0 nm, assigned to intra-tube
pores; larger (inter-tubes) pores are also present, in agreement with literature reports.”
Measurements of the { potential of INT are reported in Figure 3. INT in water was positively
charged at low pH and the point of zero charge (PZC) was at pH = 9.9, which is close to values
reported in the literature for alumina particles.>® This result is in agreement with the composition of
INT external surface that exposes only Al-O-Al groups and Al(OH)AIl bridges and should,
therefore, behave as a hydrated aluminium oxide. According to the literature," depending on pH the
outer surface of INT may carry a positive net charge, whereas the inner surface would carry a

corresponding negative net charge due to the following protonation equilibria:'"'*~"%

15

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Chemical Research in Toxicology

AI(OH)Al + H" = AI(OH,)" Al (1)

=SiOH = =Si0"+ H" 2)

The { potential vs. pH curve in water was markedly different from that measured in two cell culture
media, F-12 and MEM, in which very similar curves were obtained. INT { potential is lower when
passing from pure water to the two cell culture media, with the PZC shifting to lower pH values (pH
=4.2). lons present in the two media may be adsorbed by INT, finally lowering the net charge, or,
more likely the loss of positive charges is caused by adsorption of proteins from the serum present
in the cell culture media.

Surface hydrophilicity and distribution of strong sites for water adsorption were investigated by
means of adsorption microcalorimetry, following a technique established long time ago and
previously employed for MWCNT® and amorphous silicas.”>® The adsorption isotherms of water
vapor on INT pre-outgassed at 150°C are reported in Figure 4a while the energy of interaction as a
function of coverage is reported in Figure 4b. The initial heat was extremely high, suggesting the
presence of surface sites able to strongly interact with water. The whole energy as a function of
coverage plot as well as uptakes revealed an extremely high hydrophilicity, opposite to MWCNT
which are substantially hydrophobic.” The heat of interaction is even higher than what is usually

35,60

found on silicas, close to the behavior of alumina,®' which is in substantial agreement with the

model described in scheme 1 where the external layer is made up by aluminum octahedra.

Free radical generation
INT were tested for their potential in free radical release in the presence of either hydrogen peroxide
(Fenton activity) or formiate ion (homolytic rupture of carbon-hydrogen bond), following a well

established procedure. Two doses (7 and 70 mg) were tested. In all cases INT were fully inactive

16
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(data not shown) as opposed to what has been previously reported to take placeon a large variety of

toxic particles and fibers including asbestos.>**

Imogolite nanotubes are less toxic than carbon nanotubes on macrophages

Effects of INT on cell viability, as assessed with the resazurin method, were compared with CNT
(SWCNT and MWCNT ), both known to exhibit marked cytotoxicity.*”** The effects of carbon
nanotubes on the murine macrophage (RAW264.7 and MH-S) viability are shown in Figure 5. A
clear cut dose-dependent toxicity was already evident for both SWCNT and MWCNT after 24h of
incubation, with a significant decrease in viability detected in either cell line with the minimal
nominal dose used (10 pg/cm?), and a viability loss > 80% detected at the maximal dose of 120
pg/ecm?®. Under the same conditions, INT were completely ineffective up to 120 pg/cm?® on MH-S
cells, while only a modest 15% viability decrease was detected at 80 and 120 pg/cm” on RAW264.7
cells. Only for longer incubation periods INT showed significant effects on cell viability, up to a
decrease of 35% at the maximal nominal dose (120 ug/cm2 yafter 72h of treatment. Under the same
conditions, the viability of the two macrophage lines was completely suppressed by either SWCNT

or MWCNT.

Imogolite nanotubes do not induce markers of classical or alternative macrophage activation
The expression of activation markers in macrophages exposed to INT are shown in Figure 6. The

gene for Arginase 1 (4rgl), a typical marker of alternative activation,®*®’

was not induced by INT
in both RAW264.7 and MH-S macrophages, while both cell types exhibited a clear cut Argl
induction when incubated with IL-4, used as a positive control (Panels a and d). The expression of
Nos2 for the inducible isoform of nitric-oxide synthase, a marker of classical macrophage

68-70

activation, was also not stimulated by INT but several-fold increased by the positive control

LPS (Panels b and e). The gene for Interleukin 6 (//6), a pro-inflammatory cytokine not specifically

17
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associated to either classical or alternative macrophage activation, was modestly induced by INT in
RAW264.7 cells (Panel c), but not in MH-S macrophages, where a slight decrease was rather
detected (Panel f).

The concentration of nitrites (as an indicator of NO production), determined in the extracellular
medium of RAW264.7 cells incubated in the presence of INT, was not markedly different from that
measured in control cells (Figure 7), consistent with the lack of Nos2 induction observed under
these conditions. On the contrary, nitrites were clearly accumulated in the extracellular medium of
LPS-treated cultures. The nitrite concentration in the medium of LPS-treated cultures was
comparable in the absence and in the presence of INT, indicating that imogolite did not affect the

LPS-dependent Nos2 induction

Imogolite nanotubes do not exert genotoxic effects

INT did not exert any DNA damage at all the doses and times investigated in RAW264.7 (Figure 8§,
Panel A), while a statistically significant increase of DNA damage was observed in A549 cells
(Panel B) only at 80 ;,tg/cm2 after 4- and 24-h exposures. However, under the same conditions,
while no cytotoxicity was reported for RAW264.7 cells (Table 2), a significant increase in cell
death was observed for A549 cells (Table 3). Therefore, it cannot be completely ruled out that,
DNA damage in epithelial cells was partially a consequence of cytotoxicity. CBMN-Cyt did not
indicate any genotoxic effect after treatment with INT either in terms of MN frequency or of

nucleoplasmic bridges in both the cell lines used (Fig. 9).

Imogolite nanotubes are internalized by macrophages
TEM analysis showed the presence of dense inclusions composed of highly packed fibrous material
assigned to INT in the cytoplasm of exposed RAW264.7 cells (Figure 10). Due to its high density,

the fibrous material was often partly dislocated during ultra-sectioning; however, it appeared to be
18
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compartmentalized within membrane bound vacuoles (Figure. 10a). Such inclusions were never

observed in the cytoplasm of control cells (Fig. 10b).

Imogolite nanotubes do not markedly alter the permeability of airway epithelial cell
monolayers

A prolonged incubation with SWCNT or MWCNT progressively impairs the barrier properties of
airway epithelial cells in a dose-dependent way.*’*> To compare the effects of carbon nanotubes
and INT on the airway epithelial barrier, confluent monolayers of Calu-3 cells were incubated with
the three types of nanotubes at a nominal dose of 80 pg/cm?® of monolayer. The trans-epithelial
electrical resistance (TEER) was measured after seven days of treatment (Figure 11, Panel a). TEER
was decreased by 50% in MWCNT-treated monolayers and by 40% in SWCNT-treated
monolayers. On the contrary, INT did not alter TEER significantly, although the values were not
significantly different from those measured in monolayers treated with SWCNT. Cell viability,
evaluated with resazurin method (Panel b) in the same monolayers, was not significantly affected

by any kind of nanotube.
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DISCUSSION

Recently, the interest on aluminosilicates in biological systems has been renewed by the finding that
they can form intracellularly at least in lower animals.” In these models, intracellular nanoparticles
of aluminosilicates are considered non-toxic or even protective towards Al-mediated toxicity.”* The
biological effects of fibrous aluminosilicates are much less known and the possibility of toxic
effects related to their high aspect-ratio has not been investigated in depth. The data reported in the
present contribution clearly indicate that nanotubes of the aluminosilicate imogolite (INT) cause
much milder cytotoxic effects than SWCNT and MWCNT on macrophages and airway epithelial
cells.

In both the macrophage models adopted, RAW264.7 and MH-S cells, INT exerted a very modest,
although significant, dose- and time-dependent cytotoxicity; after a 72h-exposure the ICsy was not
reached at the maximal dose used of 120 pg/cm?, and NOAEL was 10 pg/cm?. Under the same
conditions of exposure, both MWCNT and SWCNT caused a substantial loss of viability.
Moreover, although INT were internalized in the macrophages, no evidence of genotoxic effects
was obtained with the Comet and CBMN-Cyt assays in RAW264.7 cells. Lack of genotoxicity may
be due to the fact that, as shown from the morphological evidence, INT are present as agglomerates
in vacuoles and, hence, may be less able to reach intracellular sensitive targets, in analogy with
what was described for MWCNT by Muller et al.”? In addition, INT were not able to generate
radical species in cell-free conditions. The absence of particle-derived free radical is not surprising
since aluminium is a simple trivalent cation incapable of redox changes, and no impurities, e.g.
transition metal ions, were detected on INT surface.

These data appear partially different from those reported for imogolite-like aluminogermanate
nanofibers on cultured human fibroblasts,” where weak cytotoxicity but dose-dependent DNA
damage and increased micronucleated cell frequency were detected even at very low concentrations

of the “small” fibers (5-6 nm).”> Weaker genotoxicity was observed with long fibers. Differences in
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cell model, exposure times, fiber composition/length and absence of contaminants might account
for different results exhibited by our study.

Besides reporting the low cytotoxic and genotoxic potential of INT, in the present study we also
addressed the activating effects of INT on macrophages. Macrophages may react to nanomaterials
eliciting several distinct activation pathways that determine tolerance to the material or ability to
elicit inflammatory changes possibly followed by fibrotic alterations.>"”*”” In both RAW264.7 and
MH-S cells, INT do not induce Argl, a typical marker of alternative macrophage activation®"®’,
which underlies repair and fibrosis. Moreover, in the same models no induction of Nos2®*"® was
detected, indicating that INT do not promote the classical activation of macrophages, which is
correlated to ROS production and tissue damage. The absence of Nos2 induction is consistent with
lack of nitrite accumulation in the medium, an indicator of NO production, and with the absence of
marked cytotoxic effects. On the other hand, INT do not interfere with LPS-induced Nos2
expression and nitrite accumulation. However, a significant induction of //6 was observed only in
RAW264.7 cells but not in MH-S cells, suggesting that this finding is due more to specific features
of the former cell line than to a response to INT shared by all macrophage cells. Thus, in
conclusion, INT do not appear able to elicit definite changes typical of either classical or alternative
macrophage activation, although it still may produce changes in gene expression depending on the
particular cell type employed.

Airway epithelial cells are the first barrier that nanostructured materials have to cross to reach the
lung interstitial tissues and to be transported thereafter to other districts of the organism.
Interestingly, both fibrous silicates’**" and carbon nanotubes, either SWCNT or MWCNT,*"** have
been reported to alter the barrier properties of airway Calu-3 epithelial cells in vitro. In contrast,
after 7d of treatment, INT do not cause a significant increase of monolayer permeability on the
same biological model, pointing to the substantial preservation of the epithelial cell barrier. These

data also indicate that INT do not exert a significant cytotoxicity on the epithelial cells; indeed, if
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only a minor portion of the epithelial cell population were damaged by INT, TEER would be
expected to fall abruptly. However, since the TEER values recorded in monolayers treated with INT
or SWCNT were not significantly different (Figure 11a), it is possible that also INT may damage
the monolayer barrier at a longer incubation time. In conclusion, as far as epithelial barrier damage
is concerned, the toxicity rank obtained is INT << SWCNT < MWCNT.

The mild effects of INT on all the cell models tested may be related both to the presence of bridged
Al(OH)AI groups at the INT surface and to their high hydrophilicity. It is known since the
beginning of the last century that aluminum ions are able to reduce the toxicity of crystalline
silica.®! The impregnation of quartz powders with an aluminum salt inhibits most adverse reactions
to silica in vivo and decreases the generation of ROS and DNA damage caused by silica.**™
Mechanism of action of aluminum is poorly understood; however, it appears to affect the surface
acidity reducing the zeta potential. The external layer of aluminum is also responsible for the
positive surface charge of INT observed in large range of pH.

Moreover, the abundance of OH groups renders the structure very hydrophilic.** The presence of
water strongly adsorbed at the surface is evidenced by the high heat of adsorption and confirmed by
a previous study on the catalytic behavior of imogolite along with its thermal stability.” This study
showed that the water inside nanotubes is completely desorbed only at 300 °C, whereas a
temperature of 150 °C is sufficient to dehydrate amorphous silica. This strongly adsorbed water
hinders molecular diffusion inside the narrow micropores.” Diffusion of molecules is also prevented
because of the length of nanotubes, which can reach several um. Moreover, silanols, which have
been identified as the surface functionalities responsible for silica related cell membrane damage,®
are all exposed in the inside of the INT and, hence, not available to cells.

In conclusion, while the morphology of INT suggests a potential toxicity, based on their high
length-to-diameter ratio and expected durability, all the data reported point to mild, if any, toxic

responses in a variety of cell models and tests upon exposure to this kind of material. The extreme

22

ACS Paragon Plus Environment

Page 22 of 52



Page 23 of 52 Chemical Research in Toxicology

hydrophilicity and the presence of an external alumina layer in the absence of free radical release
may contribute to the relative inertness of the material and support the feasibility of possible

applications of INT in nanomedicine.
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ABBREVIATIONS
BET, Brunauer-Emmett-Teller; CBMN, Cytokinesis-block Micronucleus Cytome; FBS, Fetal

Bovine Serum; FE-SEM, Field Emission Scanning Electron Microscope; HARN, High-Aspect
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10 Ratio Nanomaterials; IEP, Iso-Electric Point; INT, imogolite nanotubes; LPS, lipopolysaccharide;
12 MN, micronuclei; MWCNT, multi-walled carbon nanotubes; NL-DFT, Non Local Density
14 Functional Theory; NOAEL, No Observed Adverse Effect Level, NPB, nucleoplasmic bridges;
16 PSD, pore size distribution; SSA, Specific Surface Area; SWCNT, single-walled carbon nanotubes;

TEER, Trans-Epithelial Electrical Resistance.
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Table 1

Primers used for RT-PCR studies

Gene Forward

Reverse

Argl 5'CAG AAG AAT GGA AGA GTC AG 3'

5'GGA GTG TTG ATG TCA GTG TG 3'

Nos2 5'GTT CTC AGC CCA ACA ATA CAAGA 3

5'GTG GAC GGG TCG ATGTCA C3'

1l6 5'TAG TCC TTC CTA CCC CAA TTT CC 3'

5'TTG GTC CTT AGC CAC TCC TTC 3'

Gapdh | 5'TGT TCC TAC CCC CAA TGT GT 3'

5'GGT CCT CAG TGT AGC CCA AG 3
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Table 2

Viability of RAW264.7 cells
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Cell viability, %

Imogolite |0 C+ 5 10 20 40 80
(ng/cm’)

4h 100+0.0 |83+26.1 |95+5.7 96+7,2 94+3.6 84+16.8 |88+8.5
24h 95+ 8.4 90+8.6 100£0.0 |{95+10.0 |100+0.2 |99+0.9 96+4.5

Values are means + SD. C+ = methylmethanesulfonate 0.5mM
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Table 3

Viability of A549 cells

Cell viability, %

Imogolite |0 C+ 5 10 20 40 80
(ng/cm’)

4h 97+3.2 08+2.4 95+5.6 94+1.9 93+1.3 93+3.5 91+4.8*
24h 95+5.5 91+0.1 94+0.2 89+4.8 92+4.1 86+5.0% | 88+6.8*

Values are means + SD. C+ = methylmethanesulfonate 0.5mM. * p < 0.05 vs. untreated cells.
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FIGURE LEGENDS

Scheme 1. Cross-section of an imogolite nanotube showing its chemical composition. The inner

diameter 1s about 1.0 nm.

Scheme 2. Bundles of INT with (A) intra-tube pores; (B) inter-tubes pores; and (C) slit mesopores

among bundles.

Figure 1. Selected FE-SEM micrographs of INT (a), SWCNT (b) and MWCNT (¢).

Figure 2. a) N, isotherm at —196 °C on INT outgassed at 300 °C: black symbols adsorption branch;
white symbols: desorption branch. b) PSD of INT outgassed at 300 °C as obtained according to NL-

DFT method by applying a nitrogen-silica kernel to the adsorption branch of the isotherm.

Figure 3. C- potential curves of INT in water (black circles), F-12 medium (triangles) and MEM

medium (white squares). Media were supplemented with 10% FBS.

Figure 4. Adsorption of HyOy,, at T = 30°C on imogolite nanotubes outgassed 2 h at 150°C. (a)
amount of water adsorbed as a function of the equilibrium pressure (n,gs vs. pmo). (b) Differential
heat of adsorption as a function of the surface coverage (qdiff vs. n,gs). Full symbols, total

adsorption (Ads I); empty symbols, reversible adsorption (Ads II).

Figure 5. INT and SWCNT effects on macrophage viability. Subconfluent cultures of RAW264.7
and MH-S murine macrophages, grown on 96-well dishes, were exposed for the indicated times to

nominal doses of INT, SWCNT and MWCNT ranging from 0 to 120 ug/cmz, corresponding to 192
37
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ug/ml. At the selected times, viability was assessed with the resazurin method . Data are means of 5
independent determinations with SD in a representative experiment performed four times with

comparable results. * p<0.05, **p< 0.01, *** p <0.001 vs. control, untreated cultures.

Figure 6. INT effects on gene expression in murine macrophages. RAW264.7 (Panels a, b, c) or
MH-S cells (Panels d, e, f) were incubated for 72h in the presence of INT (120 ug/cmz, 72h), IL-4
(10 ng/ml, 24h), or LPS (0.1 pg/ml, 18h), as indicated. At the end of the treatment, mRNA was
extracted and the abundance of the mRNAs of Arg/ (Panels a, d), Nos2 (Panels b, ¢), and //6
(Panels c, f) was determined and expressed vs. the abundance of Gapdh mRNA. Data represent
means of three independent determinations, each performed in duplicate (n = 3), with SD shown.

*p <0.05, ** p <0.01 vs. control.

Figure 7. INT effects on nitrite concentration in the growth medium of murine macrophages.
RAW264.7 cells were incubated for 72h in the presence of INT (120 ug/cmz, 72h) or LPS (0.1
pg/ml, 18h), or both, as indicated. The concentration of nitrites in the extracellular medium was
determined at the end of the treatment. Data represent means of six independent determinations
with SD obtained in a representative experiment, performed two times with comparable results. ***

p <0.001 vs. control.

Figure 8. DNA damage (% DNA in tail) in RAW264.7 (a) and A549 (b) cell lines exposed to
different INT doses for 4 and 24 h. 0.5 mM methylmethanesulfonate (MMS) was used as positive
control. * indicates significant difference (Multiple Range Test) with the other experimental points

(p < 0.05).
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Figure 9. Frequency of micronuclei and nucleoplasmic bridges (NPB) in RAW264.7 (a) and A549
(b) cells after exposure to different INT doses. Mitomycin C was used as positive control. *
indicates significant difference (Multiple Range Test) with the other experimental points (p < 0.05).

N.D.: not enough cells to perform cytogenetic analyses.

Figure 10. Transmission electron micrographs of RAW264.7 cells. Cells were incubated in the
absence or in the presence of 80 pg/cm” INT for 24 hours. a: Exposed cell showing a densely
packed imogolite inclusion (arrow). b: Control cell devoid of dense inclusions. N= nucleus; scale

bars = 1 um for a; 2 um for b.

Figure 11. Differential effects of INT, SWCNT and MWCNT on the trans-epithelial electrical
resistance (TEER) and viability of Calu-3 monolayers. Calu-3 cells were cultured for 10 days on 0.4
um membrane filters. At the end of this period, INT, SWCNT, or MWCNT, all at 80 ug/cmz, were
added to the apical chamber of the culture system. TEER (Panel a) and viability (Panel b) were
determined after 7 days. Empty bar, control monolayers maintained in the absence of nanomaterials.
The figure shows a representative experiment performed three times with comparable results. Data
are means = SD (n = 4). **p < 0.01 vs. control, untreated cultures; $ p < 0.05 vs. MWCNT-treated

monolayers; ns, not significant.
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Scheme 1. Cross-section of an imogolite nanotube showing its chemical composition. The inner diameter is
about 1.0 nm.
254x190mm (96 x 96 DPI)

ACS Paragon Plus Environment

Page 40 of 52



Page 41 of 52 Chemical Research in Toxicology

©CoO~NOUTA,WNPE

Scheme 2. Bundles of INT with (A) nanotubes inherent pores; (B) inter-tubes pores; and (C) slit
32 mesopores among bundles.
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Figure 1. Selected FE-SEM micrographs of INT (a), SWCNT (b) and MWCNT (c).
190x254mm (220 x 220 DPI)
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47 Figure 2. a) N2 isotherm at =196 °C on INT outgassed at 300 °C: black symbols adsorption branch; white
symbols: desorption branch. b) PSD of INT outgassed at 300 °C as obtained according to NL-DFT method by
applying a nitrogen-silica kernel to the adsorption branch of the isotherm.
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Figure 3. C potential curves of INT in water (black circles), in F-12 (triangles) and MEM (white squares).
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23 Figure 4. Adsorption of H20vap at T = 30°C on imogolite nanotubes outgassed 2 h at 150°C. (a) amount of
24 water adsorbed as a function of the equilibrium pressure (nads vs. pH20). (b) Differential heat of adsorption

as
25 a function of the surface coverage (qdiff vs. nads). Full symbols, total adsorption (Ads I); empty symbols,

reversible adsorption (Ads II).
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Nitrites, uM

Figure 7. INT effects on nitrite concentration in the growth medium of murine macrophages. RAW264.7 cells
were incubated for 72h in the presence of INT (120 pg/cm?, 72h) or LPS (0.1 pg/ml, 18h), or both, as
indicated. The concentration of nitrites in the extracellular medium was determined at the end of the
treatment. Data represent means of six independent determinations with SD obtained in a representative
experiment, performed two times with comparable results. *** p < 0.001 vs. control.
73x67mm (300 x 300 DPI)
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Figure 8. DNA damage (% DNA in tail) in RAW264.7 (a) and A549 (b) cell lines exposed to different INT
doses for 4 and 24 h. 0.5 mM methylmethanesulfonate (MMS) was used as positive control. * indicates
significant difference (Multiple Range Test) with the other experimental points (p < 0.05).
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Figure 9. Frequency of micronuclei and nucleoplasmic bridges (NPB) in RAW264.7 (a) and A549 (b) cells
after exposure to different INT doses. Mitomycin C was used as positive control. * indicates significant
difference (Multiple Range Test) with the other experimental points (p < 0.05). N.D. not enough cells to

Chemical Research in Toxicology

C+ 5 10 20 40

INT, ug/cm?

INT, ug/cm?

perform cytogenetic analyses.
102x131mm (600 x 600 DPI)

ACS Paragon Plus Environment

- 15

- 10

- 45

- 30

- 15

I
o

oo, ‘Aousnbal) gdN

ooy ‘Aousnball GdN

Page 50 of 52



Page 51 of 52 Chemical Research in Toxicology

©CoO~NOUTA,WNPE

30 Figure 10. Transmission electron micrographs of RAW 264.7 cells. Cells were incubated in the absence or in
31 the presence of 80 pg/cm2 INT for 24 hours. a. Exposed cell showing a densely packed imogolite inclusion
32 (arrow). b. Control cell devoid of dense inclusions. N= nucleus; scale bars = 1 ym for a; 2 uym for b.
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Figure 11. Differential effects of INT, SWCNT and MWCNT on the trans-epithelial electrical resistance (TEER)
and viability of Calu-3 monolayers. Calu-3 cells were cultured for 10 days on 0.4 pm membrane filters. At
the end of this period, INT, SWCNT, or MWCNT, all at 80 pg/cm?, were added to the apical chamber of the

culture system. TEER (Panel A) and viability (Panel B) were determined after 7 days. Empty bar, control
monolayers maintained in the absence of nanomaterials. The figure shows a representative experiment
performed three times with comparable results. Data are means = SD (n = 4). **p < 0.01 vs. control,
untreated cultures; $ p < 0.05 vs. MWCNT-treated monolayers; ns, not significant.
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