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Abstract

Aims. Boron nitride nanotubes (BNNTSs) are tubular nanoparticles with a structure analogue
to that of carbon nanotubes, but with B and N atoms that completely replace the C atoms.
Many favorable results indicate BNNTSs as safe nanomaterials, however, important concerns
have recently been raised about ultra-pure, long (~10 um) BNNTs tested on several cell

types. Materials & Methods. Here, we propose additional experiments with the same

BNNTs, but made shorter (~1.5 um) with a homogenization/sonication treatment that allows
for their dispersion in gum Arabic aqueous solutions. Obtained BNNTs are tested on human
endothelial and neuron-like cells with several independent biocompatibility assays.
Moreover, for the first time, their strong sum-frequency generation signal is exploited to

assess the cellular up-take. Results and Conclusions. Our data demonstrate no toxic effects

up to concentrations of 20 pg/ml, once more confirming biosafety of BNNTs, and again

highlighting that nanoparticle aspect ratio plays a key role in the biocompatibility evaluation.

Keywords

Boron nitride nanotubes; gum Arabic; SH-SY5Y; HUVECsS; biocompatibility.



1. Introduction

Boron nitride nanotubes (BNNTSs) gained huge interest in the latest decades because of their
peculiar chemical and physical properties [1]. Applications in nanotechnology are nowadays
well established, and in biomedicine they have been recently considered for a wide variety of
potential applications, that range form drug delivery systems [2] to intracellular
nanotransducers [3].

However, in order to actually exploit innovative nanoparticles in biomedicine, their
biocompatibility has to be mandatory assessed, in particular in the case of inorganic
nanoparticles. As we have recently reviewed [4], in the past years we assisted to increasing
studies about interactions between BNNTs and living matter. Most important researches
have highlighted no adverse effects following BNNT administration to several cell lines,
including human embryonic kidney cells HEK 293 and Chinese hamster ovary cells CHO
[2], human osteoblasts and mouse macrophages [5], human neuroblastoma cells SH-SY5Y
[6], mouse myoblasts C2C12 [7], and neuronal-like PC12 cells [3]. Moreover, good results
in terms of in vivo toxicological investigation [8-9] have been recently pointed out.

Despite these positive results, a comprehensive study by Horvath and collaborators pointed
out a relevant toxicity of BNNTs, tested on several cell lines, including lung epithelium
cells, mouse macrophage cells, mouse embryonic fibroblasts, and human embryonic kidney
cells. The main difference between the BNNTSs investigated in this research and those one
that resulted safe and biocompatible is represented by the length of the nanotubes themselves
and, therefore, by their aspect ratio: in particular, the BNNTs tested in the study of Horvath
et al. are much longer (length > 10 pm) than those previously tested, with a huge aspect
ratio, and this is, in our opinion, the main reason of poor biocompatibility, as already

reported for other kinds of nanomaterials [10].



In order to test this hypothesis, here we propose a set of biocompatibility tests of the same
BNNTs used in the work of Horvath et al., but made shorter thanks to a dedicated procedure.
Obtained BNNT dispersions have been thereafter tested on two human cell models:
neuroblastoma SH-SYS5Y cells, and human umbilical vein endothelial cells (HUVECS).

Results are encouraging and demonstrated a good response of both kind of cells towards
ultra-pure, shortened (about 1.5 pm) BNNTSs: the latter strongly interact with the cells and
are eventually internalized, without affecting cell metabolism, proliferation and function up
to concentrations of 20 pg/ml, that represent a satisfactory value for many biomedical

applications [11].

2. Materials and methods

2.1  Boron nitride nanotubes dispersion preparation and characterization

High-purity multi-walled BNNTs were synthesized by a carbon-free chemical vapor
deposition technique, by using boron and metal oxides as reactants at about 1500 °C [12].
Previous characterizations highlighted almost perfect crystalline structures [13], lengths up
to 10 um, and external diameters in the range of 10-80 nm [14]. The product purity at the
end of the synthesis procedure resulted extremely high (> 90 wt%).

Gum Arabic (Sigma) was used for the dispersion and stabilization of BNNTs [15].
Dispersions were prepared with phosphate buffered solution (PBS). Briefly, BNNTs (1 mg)
were mixed with 1 ml of a 0.1% gum Arabic solution in a polystyrene tube, thus obtaining a
1:1 (w/w) BNNT/gum Arabic ratio. In order to obtain an efficient disentanglement of the
BNNT bundles, the mixture was homogenized for 15 min at 30000 rpm with a homogenizer

(T10 basic, UltraTurrax). The samples were thus sonicated for 24 h (by a Bransonic



sonicator 2510) using an output power of 20 W for all the experiments, in order both to
improve the BNNT dispersion, and to significantly shorten the nanotube length.

The obtained BNNT dispersions in gum Arabic solutions were characterized by scanning
electron microscopy through a Dual-Beam system (FEI Helios 600), by dropping a small
quantity of diluted dispersion on a silicon wafer, gold-sputtered before observation. Analysis
of BNNT length after the dispersion procedure was performed with Imagel] software
(http://rsb.info.nih.gov/ij/) on acquired SEM images (at least 200 nanotubes were considered

for statistical analysis purpose).

2.2 Cell cultures

Human neuroblastoma SH-SYSY cells (ATCC CRL-2266) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) and Ham’s F12 (1:1) with 10% fetal bovine serum, 100
IU/ml penicillin, 100 pg/ml streptomycin, and 2 mM L-glutamine. Cells were maintained at
37°C in a saturated humidity atmosphere containing 95% air / 5% COs,.

Differentiation of SH-SY5Y cells was induced incubating cells (10,000 /cm?®) with a low-
serum medium (DMEM with 1% fetal bovine serum, 100 IU/ml penicillin, 100 pg/ml
streptomycin, and 2 mM L-glutamine) supplemented with 10 uM of all-trans retinoic acid.
Primary human umbilical vein endothelial cells (HUVECs) were isolated by type 2
collagenase digestion as already described [16], and used within third passage. They were
treated in conformance with the principles outlined in the Declaration of Helsinki, obtained
from discarded umbilical veins, and treated anonymously, so with no necessity of the ethical
approval from the University Board. Cells were cultured in flasks coated with 0.5% gelatin

in medium 199 containing 100 IU/ml penicillin, 100 pg/ml streptomycin, 2 mM L-



glutamine, 20 ng/ml endothelial cell growth factors (ECGF), and 10% fetal bovine serum
(FBYS).

All cell culture reagents were purchased from BioWhittaker (Cambrex).

2.3 Viability testing

BNNT cytocompatibility on SH-SYSY cells was evaluated through the WST-1 assay (2-(4-
iodophenyl)-3-(4-nitophenyl)-5-(2,4-disulfophenyl)-2H-tetrazoilium  monosodium  salt,
provided in a pre-mix electro-coupling solution, BioVision). Cells were seeded in 96-well
plates (2,000 cells per well) and incubated with increasing concentrations of BNNTs (0, 10,
20, 50 and 100 pg/ml). After 24, 48, and 72 h of incubation cultures were treated with 100 ul
of growth medium added with 10 pl of the pre-mix solution for further 2 h and, finally,
absorbance was read at 450 nm with a microplate reader (Victor3, Perkin Elmer).

Viability on SH-SYS5Y cells was further qualitatively investigated at 72 h with the
Live/Dead® viability/cytotoxicity Kit (Molecular Probes). The kit contains calcein AM (4
mM in anhydrous DMSO) and ethidium homodimer-1 (EthD-1, 2 mM in DMSO/H,0 1:4
(v/v)), and allows for the discrimination between live cells (stained in green by calcein) and
dead cells (stained in red by EthD-1). Cultures were rinsed with PBS, treated for 10 min at
37°C with 2 uM calcein AM and 4 uM EthD-1 in PBS, and finally observed with an inverted
fluorescence microscope (TE2000U, Nikon) equipped with a cooled CCD camera (DS-5MC
USB2, Nikon) and with NIS Elements imaging software.

Amido Black assay was performed on HUVEC monolayer cultured for 24, 48, and 72 h with
BNNT-doped medium (in the range 0-100 pug/ml). At the end-point, cells were fixed with

4% of paraformaldehyde and then incubated with Amido Black dye (Sigma) for 15 min.



After several washing steps, the dye was extracted with NaOH 50 mM, and the absorbance
read at 620 nm with the microplate reader.

Intracellular reactive oxygen species (ROS) generation was measured with the fluorescent
dye 6-carboxy-2',7'-dichlorodihydrofluorescein diacetate bis(acetoxymethyl)-ester (C-DCF-
DA; Molecular Probes). C-DCFH-DA rapidly penetrates cell membrane and becomes
deacetylated by endogenous esterases to form the non-fluorescent 2°,7’-dichlorfluorescein
(DCFH). DCFH is thereafter converted to green fluorescent dichlorofluorescein (DCF)
compound by the action of cellular oxidants. Briefly, HUVEC monolayers were incubated
with BNNTs for 24 and 48 h, then washed with phenol red-free Hanks'-buffered saline and
incubated with C-DCF-DA (25 uM) for 30 min at 37°C, in Hank's buffer. After this step,
cells were washed and scraped off into 1 ml of distilled water, sonicated and centrifuged.
The fluorescence of supernatants was measured with a spectrofluorometer at 485 nm
excitation and 525 nm emission, and data of three independent experiments were expressed
in fluorescence arbitrary units. Positive control experiments were performed with an
incubation of 30 min with H,O, 50 uM.

Quantification of apoptosis following BNNT incubation was investigated on HUVECs by
using an annexin V-FITC/propidium iodide (PI) apoptosis detection kit (Sigma) according to
the manufacturer’s instructions. Briefly, after BNNT treatment (0 and 20 pg/ml for 24, 48
and 72 h), HUVECs were collected, washed with PBS twice, resuspended in 1x binding
buffer and subjected to FITC-conjugated annexin V and propidium iodide (PI) staining for
10 min at room temperature in the dark. After staining, samples were assayed by flow
cytometry (BD Accuri™ C6) for the quantification of apoptotic cells. For each sample,
15000 total events were analyzed. The assay allowed viable (negative for both annexin-V

FITC and PI staining), necrotic (negative for annexin-V FITC and positive for PI), early



apoptotic (positive for annexin-V FITC and negative for PI), and late apoptotic cells

(positive for both annexin-V FITC and PI) to be quantified.

2.4 Cell/BNNT interaction investigation

Study of cytoskeleton configuration following BNNT treatment was performed through f-
actin staining with TRITC-phalloidin, according to the following procedure. After
incubation with 20 pg/ml of BNNTs, cells (5000 /cm®) were fixed with a 4%
paraformaldehyde solution in PBS for 20 min at 4°C. Thereafter, they were rinsed with PBS
and treated with a 0.1% Triton X-100 (Sigma) solution in PBS for 15 min to permeabilize
cell membrane. Saturation was allowed for 30 min, using 0.1% goat serum in PBS, then
incubation with a 100 uM solution of TRITC-phalloidin (Sigma) and 1 uM DAPI for nuclei
blue counterstaining was performed for 45 min. Samples were finally rinsed with PBS and
thus observed with a confocal laser scanning microscope (C2s, Nikon).

The interaction between BNNTs and SH-SY5Y cells was further investigated through SEM
imaging. Cell cultures treated as previously described were fixed with two sequential
incubations with a 4% paraformaldehyde solution (at 4°C for 30 min) and with a 2.5%
glutaraldehyde solution (at 4°C for 2 h). Samples were then dehydrated through an ethanol
gradient (0, 25, 50, 75 and 100%), overnight dried, and gold-sputtered before SEM
observation through a Dual-Beam system (FEI Helios 600).

Nanoparticle internalization has been investigated in cells treated for 24 h with 20 pg/ml of
BNNTs by a multimodal microscope with an in-plane resolution of approximately 300 nm
and a resolution of 1 pm along the optical axis. Coherent Anti-Stokes Raman Scattering
(CARS) has been exploited to obtain images of cells, based on a degenerate pump-and-probe

beam (PaPB), created by a Ti-Sa pulsed laser (Coherent Chameleon Vision II) and a



supercontinuum generator (SCG, photonic-crystal fiber SCG-800 Newport) that generates a
broadband Stokes beam. To maximize the spectral resolution, the beams were optimally
chirped [17] by propagating them through two SF6-glass blocks, a 10 cm long one for the
PaPB and a 15 cm long one for the Stokes radiation. The delay between the PaPB and the
Stokes beam was adjusted in order to excite CH, bonds at a Raman shift of 2850 cm™ and to
permit imaging of the cells. Sum-Frequency Generation (SFG) signal originating from the
BNNTs at approximately 450 nm by the combination of 800 nm PaPB with Stokes photons
allowed the localization of BNNTs inside the cells.

BNNT internalization by HUVECs was instead investigated through transmission electron
microscopy (TEM). Control and treated (20 pg/ml of BNNTs for 24 h) HUVEC cultures
were fixed as monolayer with a solution of 2% glutaraldehyde in cacodylate buffer.
Thereafter, cells were scraped, centrifuged and treated as pellet with a standard embedding
protocol. Briefly, samples were post-fixed in 2% osmium tetroxide in cacodylate buffer,
rinsed, and stained en bloc with uranyl acetate statured solution in ethanol 20%. Finally,
samples were dehydrated and embedded in epoxy resin (Epon 812, Electron Microscopy
Science), that was baked for 48 h at 60°C. Thin sections of 90 nm thickness were cut with a
UCT7 Leica ultramicrotome and collected on copper grids 300 meshes. TEM analyses were

performed with a Zeiss Libra 120 plus electron microscope.

2.5  SH-SY5Y differentiation: immunofluorescence and gRT-PCR

Differentiation of SH-SYS5Y cells in the presence of BNNTs was evaluated performing
cultures in differentiation medium, supplemented with 0, 20 and 50 pg/ml of BNNTSs. After
five days, differentiation was assessed through immunofluorescence analysis of 3-tubulin, a

specific neuronal differentiation marker, and f-actin.



Cells were rinsed with PBS and fixed in paraformaldehyde (4% in PBS) for 20 min. After
rinsing with PBS, they were incubated with sodium borohydryde (I mg/ml in PBS) for 10
min to reduce autofluorescence. Cellular membranes were then permeabilized with 0.1%
Triton X-100 in PBS for 15 min. Antibody aspecific binding sites were saturated with 10%
goat serum in PBS for 1 h, and, subsequently, a primary antibody (rabbit polyclonal IgG
anti-tubulin, Sigma, diluted 1:75 in 10% goat serum) was added. After 30 min of incubation
at 37°C, samples were rinsed with 10% goat serum; then, a staining solution was added,
composed of a secondary antibody (fluorescent goat anti-rabbit IgG, Invitrogen) diluted
1:250 in 10% goat serum, of 100 uM of TRITC-phalloidin (Sigma) for f-actin staining, and
of 1 uM DAPI for nucleus counterstaining. After 30 min of incubation at room temperature,
samples were rinsed with 0.45 M NaCl in PBS for 1 min to remove weakly bound antibodies
and, after rinsing in PBS, observed with the inverted fluorescence microscope.

The gene transcription levels of specific markers of neuronal cell maturation (laminin, Lam;
microtubule-associated protein 2, Map2; neurogenic differentiation factor 1, NeuroD1; B3-
tubulin, TubB3) were moreover evaluated with quantitative real-time RT-PCR (qRT-PCR).
Total RNA was isolated from cell cultures using High Pure RNA Isolation kit (Roche)
according to the manufacturer’s protocol. Retro-transcription into cDNA was performed
with 400 ng of RNA in a total volume of 20 pl, including 4 pl of iScriptTM Reverse
Transcription Supermix (5X, Bio-Rad). The synthesis program included an initial incubation
at 25°C for 5 min, followed by incubation at 42°C for 45 min and at 48°C for 15 min. After
inactivation of the reaction by heating at 85°C for 5 min, the samples were increased up to
200 pl with pure distilled water (MilliQ, Millipore).

Quantitative RT-PCR was performed with a CFX Connect™ Real-Time PCR Detection

System (Bio-Rad). Results were normalized to the transcription levels of a selected
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housekeeping gene, glyceraldehyde 3-phosphate dehydrogenase (Gapdh). The obtained
cDNA (5 pl) was mixed with 1 pl of specific forward and reverse primers (8 uM), 4 ul of
MilliQ, and 10 pl of SsoAdvancedTM SYBR®Green Supermix (Bio-Rad). The thermal
protocol was applied with one cycle of 30 s at 98°C and 40 cycles at 98°C for 3 s and 60°C
for 7 s. At the end of amplification, a temperature ramp from 65°C to 95°C, with 0.5°C/s
increments was performed, to exclude unspecific products through melting curve results
analysis. Each assay included “no template” sample and all tests were carried out in
triplicate. The cycle threshold (Ct) value relative of control sample was adopted as reference
for the calculation of AACt (difference between ACt values deriving from difference between
Ct of target and housekeeping gene) for the subsequent samples. Primer sequences (forward

and reverse) of the investigated genes are reported in Table 1.

2.6 Detection of endothelial adhesion molecule expression

Vascular cell adhesion molecule (VCAM)-1 and intercellular adhesion molecule (ICAM)-1
expression in HUVECs was assessed on cell monolayers incubated with increasing
concentrations of BNNTs (0-100 pg/ml) for 18 h in 96-well microplates. Assessment of cell
surface VCAM-1 and ICAM-1 was performed as described elsewhere [18] through cell
surface enzyme immunoassay. Mouse anti-human monoclonal antibodies were used, namely
anti-VCAM-1 IgG (Ab E1/6), and anti-ICAM-1 IgG (Ab HU5/3). Enzyme immunoassays
were carried out by incubating the endothelial cell monolayers with saturating concentrations
of specific monoclonal antibodies against the target molecule, followed by biotinylated goat
anti-mouse IgG, and streptavidin-alkaline phosphatase (Amersham Life Sciences). The
surface expression of each adhesion molecule was quantified reading absorbance at 405 nm

with the microplate reader.
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2.7  Statistical analysis

Data were analyzed using analysis of variance (ANOVA) followed by Bonferronis's post-
hoc test to test for significance, that was set at p < 0.05, with the aid of KaleidaGraph
(Sinergy Software); quantitative RT-PCR data were analyzed with the BioRad CFX

Manager (BioRad); each experiment was performed in triplicate if not otherwise specified.

3. Results

3.1  BNNT characterization after gum Arabic dispersion

SEM investigation of BNNTs dispersed in gum Arabic denoted well dispersed
nanostructures, as shown by low (Figure la) and high (Figure 1b) magnification images.
Quantitative evaluation performed on single BNNTSs (Figure 1c¢) revealed a monodisperse
size, being 90% of BNNT length comprised between 1.2 and 2.2 um, with a bell-shaped
distribution and an average length of about 1.5 um (Figure 1d).

Dispersions resulted stable for about one week since the preparation, when some

precipitation could occur, easily avoided with a mild sonication for a few minutes.

3.2  Effects on SH-SY5Y cells

Proliferation of SH-SYSY cells treated with BNNTSs, evaluated in terms of metabolic
activity by WST-1 assay, did not result statistically different from the control cultures at
concentrations up to 20 ug/ml and after up to 72 h of incubation (Figure 2a). However, a
significant decrement of cell proliferation was highlighted after 48 and 72 h of treatment for

doses of 50 and 100 pg/ml (p <0.01).
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These results were confirmed by cell imaging with the Live/Dead® assay, that highlighted
as cells failed to reach confluence, after 72 h of treatment, when incubated with 50 and 100
pg/ml (Figure 2b). No significant cell death (red cells) was highlighted for all the evaluated
BNNT concentration, even if we cannot exclude detachment of dead cells at 50 and 100
png/ml BNNT doses during the washing steps performed after the staining.

Qualitative examination of cytoskeletal f-actin was performed in order to verify any change

in cytoskeleton organization and cellular shape after the BNNT treatment. _

Absence of any qualitative change in cell morphology was confirmed by SEM analysis
carried out on control cultures (Figure 4a) and incubated for 24 h with 20 pg/ml of BNNTs
(Figure 4b). Both images show polygonal cell bodies, well spread over the substrates and
with several membrane protrusions (filopodia and lamellopodia) out of the cells. In samples
treated with nanotubes, a strong association of the BNNTs with the cell membrane is
evident, as shown in the inset of Figure 4b, where BNNTSs appear interpenetrated with the
membrane, suggesting a subsequent nanoparticle internalization (at least 50 cells per culture
sample have been imaged, reported examples are representative of the considered
experimental condition).

The latter has been in fact demonstrated thanks to the SFG signal by BNNTs. Figure 5a

13



Figure 5b depicts instead results of internalization assessment: a Z-stack acquisition on a
small area of a culture incubated for 24 h with 20 pg/ml of BNNTs is reported, where the
green channel maps the intensity of the CARS signal, and the red channel indicates the

intensity of the SFG signal. Dark spots are shadows of BNNTSs below or above the imaging

Differentiation of SH-SYSY in the presence of BNNTs was finally assessed. Figure 6a
shows immunostaining of B3-tubulin (in green) and f-actin (in red) of cultures treated with 0,
10 and 20 pg/ml of BNNTs. Nanoparticles did not negatively affect the differentiation
process at the tested concentrations: in all the cultures about 35% of the cells resulted
positive for f3-tubulin staining and, therefore, exhibited neuronal-like phenotype.

The gene transcription levels of neuronal differentiation specific markers were finally
evaluated with qRT-PCR, that highlighted as expression of Lam, Map2, and TubB3 was not

affected by the treatment with BNNTs. Instead, a significant up-regulation of NeuroD1

1

o



(about 2-fold, p < 0.05) was found in cultures differentiated in presence of 20 pg/ml of

BNNTs.

3.3  Effects on HUVECs

Integrity of HUVEC monolayer was assessed in terms of total cellular protein content
evaluation with the Amido Black assay, that revealed no negative effects up to 20 pg/ml of
BNNTSs and up to 72 h of treatment. Instead, concentrations of 50 and 100 ug/ml provided a
significant (p < 0.05) decrement of protein content in the cell cultures, highlighting a
possible damage of the cell monolayer (Figure 7a); however, observation under optical
microscope at the end-point of incubation for all tested concentrations did not show any
evident alteration of cell morphology and cell monolayer integrity compared to the controls.
Fluorescence detection of ROS in HUVECs treated with BNNTs demonstrated that
nanotubes did not induce significant oxidative stress after up to 48 h of incubation,
demonstrating .values comparable to those of the control cultures (Figure 7b, positive
control with H,O,, not reported in the plot for better clarity, gave a value of 702 + 47 AU).
Concerning quantification of apoptosis, we did not detect any significant increment of
necrotic, early apoptotic, and late apoptotic cells after a treatment with 20 pg/ml of BNNTs
and up to 72 h of incubation, thus further excluding detrimental effects of BNNTs at this
concentration on endothelial cells. Detailed data of cytofluorimetric analysis are reported in
Table 2.

Finally, in order to assess whether the incubation with BNNTs may foster HUVEC
activation, surface expression of specific adhesion molecules was examined. As shown by

graphs presented in Figure 8, BNNT treatment did not induce neither VCAM-1 (Figure 8a)
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nor ICAM-1 (Figure 8b) expression at all the investigated concentrations, suggesting no
alteration of endothelial physiology towards a pro-inflammatory state.

The ultrastructure of treated HUVECs was finally evaluated in comparison with untreated
cells through TEM analysis. Concerning the presence of BNNTSs in each cell, we could find
from 2 to 5 aggregates per cell with an average number of 3 nanotubes per aggregate (Figure
9a and 9b), thus confirming that the internalization of BNNT is an efficient process. From a
morphological point of view, not only the shape of the BNNTSs observed inside the cells does
not change compared to the BNNTSs observed in suspension, but also their crystalline nature
remains unaltered as confirmed by electron diffraction analysis (inset of Figure 9a).
Nanotube diameter is the same (48 = 12 nm inside the cells; 49 + 10 nm outside the cells),
but we observed that only BNNTSs shorter than 1.5 pm could be efficiently internalized by
the HUVECs.

Regarding intracellular localization, we observed that BNNTs never enter in the nuclear
compartment; moreover, their cytoplasmatic distribution is random, without any preferential
localization in cellular sub-compartments (Figure 9a). Cellular organelles are not affected by
the administration of BNNTSs, and their ultrastructure is perfectly comparable with what
observed in control cells. In particular, we focused our attention on cytoskeleton structure in
the close proximity of BNNTSs, and none alteration was detected (Figure 9b). In a few cases
we observed some lysosomes close to the BNNT aggregates, but without any appreciable

sign of fagosomal pathway activation.

4. Discussion
Since a few years, our group pioneered biological investigations of BNNTs. Our findings,

obtained with many different cell lines and, eventually, in vivo, pointed out a very good
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response of biological systems towards BNNT administration. These results have been
mainly achieved with relatively short BNNT (< 5 um) obtained by using an annealing
method from boron-containing precursors [19]. On the other hand, an important
investigation carried out with BNNTs of about 10 pm, obtained by a carbon-free chemical
vapor deposition technique, documented a rather strong toxicity of these nanomaterials [10].
Here, we have confirmed a hypothesis that the tube length plays a key role on BNNT
toxicity, performing a cytocompatibility evaluation of the same BNNTSs used by Horvath and
collaborators, but shortened through a dedicated procedure that involved their dispersion in
gum Arabic, as already suggested by Gao et al. [15], that allowed well dispersed BNNTSs, of
length of about 1.5 um, to be obtained. We carried out testing on SH-SY5Y and on
HUVEC:s, that have already been positively tested with other types of BNNTs [6; 20].
SH-SY5Y is a human-derived cell line, that owns many features of catecholaminergic
neurons, including expression of dopamine-B-hydroxylase, dopamine and acetylcholine
receptor and transporters, and typical neuronal markers like neurofilament proteins [21]. SH-
SY5Y well tolerated BNNT treatment up to 20 pg/ml, with no alteration of viability,
proliferation, and differentiation capability with respect to the controls. BNNT
internalization was confirmed by SEM, confocal, and multimodal imaging, combining
CARS imaging and SFG, where CARS allowed imaging of the cell volume thanks to the
abundance of CH; bonds, while SFG was exploited thanks to the strong non-linear properties
of the BNNTs.

Gene analysis of specific neuronal maturation markers, moreover, revealed no alteration in
transcription levels of genes coding for laminin, microtubule-associated protein 2, and BIII-
tubulin. Laminin is one of the most important glycoprotein components of the basement

membrane and it is involved in neuronal survival, differentiation, growth cone guidance, and
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neurite growth [22]. Microtubule-associated protein 2 is instead involved in the stabilization
of microtubules during neuronal development, and in the synthesis of other neuron-specific
cytoskeletal element [23]. BIII-tubulin, finally, is a neuron-specific class of tubulin, and its
expression in BNNT-treated differentiating SH-SYS5Y was also confirmed by
immunofluorescence [24]. Most interestingly, a significant up-regulation of gene coding for
neurogenic differentiation factor 1 was highlighted by qRT-PCR in cells treated with 20
pg/ml. This is a helix-loop-helix transcription factor, involved in the growth and
differentiation of neurons. It plays a key role in the neuronal development, both in the central
[25-26] and in the peripheral nervous system [27-28]; moreover, it has been proven to be
essential in the sustainment of neural precursor cells in adult neurogenesis [29-30]. We have
already demonstrated as, in the presence of a mechanical stimulation, BNNTs are able to
foster an improvement in PC12 cell differentiation [3]. Here, the up-regulation of NeuroD1
was noticed just in the presence of BNNTSs, without any kind of external stimulation: this
result deserves future investigation, through a systematic study of the effects of BNNTs on
neuronal cell development and differentiation, in order to assess any possible positive effects
of these nanoparticles on neuronal cells, similarly to the case of carbon nanotubes [31-32].

Concerning testing on HUVECs, once again absence of negative effects have been
demonstrated by analysis of the integrity of cell monolayer, by the absence of abnormal ROS
production and apoptotic phenomena, and by the lack of increased expression of
inflammatory markers like VCAM-1 and ICAM-1. Testing of nanomaterials on HUVECs is
particular important: being vascular endothelium the first barrier that nanoparticles find after
their intravenous injection [33], an evaluation of the interactions between endothelial cells

and nanovectors can give important hints about their suitability in the clinical practice.
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TEM analysis confirmed that BNNTSs could be efficiently internalized by HUVECs, and that
their internalization does not induce any morphological alteration in cell ultrastructure.

Collectively, all these results suggest that ultra-pure, gum Arabic-coated BNNTSs are well
tolerated by the tested human cells, and that the important cytotoxic effects highlighted by
the previous study are very likely related to the BNNT length and to the huge aspect-ratio.
This is in fact a key factor in nanoparticle toxicity, as already pointed out for other kind of
nanoparticles. Concerning carbon nanotubes, for example, a direct correlation between
nanotube length and asbestos-like pathogenic behavior was found [34], suggesting the
phenomenon of "frustrated phagocytosis" as one of the possible mechanism of toxicity.
More recently, a similar behavior has been highlighted with a completely different nano-
system, namely nickel nanowires, that again showed a length-dependent pathogenicity in a
mouse peritoneal model, where long nanofibers (> 20 um) elicited strong inflammation that

instead was not revealed in the case of treatment with <5 um nanowires [35].

5. Conclusion

Ultra-pure BNNTs have been dispersed in gum Arabic aqueous solutions, and made short
(from ~10 um to ~1.5 pum) thanks to a homogenization/sonication treatment. Obtained
BNNT dispersions were well tolerated by both HUVECs and SH-SYS5Y cells at
concentrations up to 20 pg/ml, in terms of viability, proliferation, ROS production, lack of

apoptosis, and other specific functionalities.

1

O



The selection of a suitable concentration range for nanoparticle safety assessment is not a
trivial task [37-38]; however, these findings highlight that investigated BNNTSs are suitable
at reasonable high concentrations that could be useful for many bio-applications, as already
proven in previous studies on other kinds of BNNTSs [4] and on other nanoparticle systems
[39-40]. Most importantly, we found the ultra-pure, short BNNTSs are suitable for in vitro
biomedical applications up to 20 pg/ml, on the contrary of their longer counterparts, that
given detrimental effects already at a concentration of about 2 pg/ml [10]. Our results
highlighted once more a positive interaction of BNNTs with living materials, and stress the

importance of nanotube length and aspect ratio during biocompatibility evaluation.

Future perspective

Boron nitride nanotubes represent excellent candidates for bio-applications in the next
future. In Authors' opinion, the assessment of their biosafety, of which the present study
represents a fundamental step, will soon lead to impressive theranostic applications of these

nanovectors [4].

Summary points

Preparation of short ultra-pure BNNTSs

— Short BNNTs have been obtained through a homogenization-sonication
approach, that allowed their stable dispersion in gum Arabic

Effects on SH-SYSY cells

e Viability

— Good cellular response up to 20 pg/ml
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— Unaltered (or even enhanced) cellular differentiation towards neurons, verified at
both gene and protein level
e Cells/BNNTS interactions
— Strong interaction with cellular membrane verified through SEM analysis
— Internalization verified through confocal and multimodal (CARS and SHGQG)
microscopy

Effects on HUVECs

e Viability

— Good cellular response up to 20 pg/ml

— No inflammatory or stress response at all tested concentrations
e Cells/BNNTS interactions

— No alteration of cell ultrastructure

— Internalization verified through TEM analysis

Figure and Table captions

Figure 1. SEM images at increasing magnifications (a-c) of BNNTs after treatment with
gum Arabic; quantitative evaluation of BNNT length distribution (d).

Figure 2. WST-1 assay results of SH-SYS5Y cells treated with 0-100 pg/ml of BNNTs for
24, 48 and 72 h (a); Live/Dead® staining performed after 72 h of treatment (b);

*p<0.0l.

Figure 3. Confocal laser scanning microscopy images of f-actin and nucleus of cells treated
for 24 h with 0 and 20 pg/ml of BNNTS (a); high magnification confocal images
showing BNNT internalization (b).
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Figure 4.

Figure 5.

Figure 6.

Figure 7.

SEM imaging of control cells (a) and of cells treated with 20 pg/ml of BNNTs

for 24 h (b); the inset shows the strong association of BNNTs with the cell

S
S
S
5
o

_ Multimodal Z-stacking of SH-SYSY cells treated for 24 h

with 20 pg/ml of BNNTSs: map of the intensity of the CARS signals from the CH,

bonds in green, SFG from the nanotubes in red (b); single Z=slice, along a side

gircle): Scale bar 10 pm.

Immunofluorescence analysis of SH-SYS5Y cells differentiated for 5 days in the
presence of increasing concentrations of BNNTSs: B3-tubulin in green, f-actin in
red (a); qRT-PCR evaluation of transcription of genes involved in SH-SYS5Y
differentiation following BNNT treatment (b); * p <0.05.

Amido Black assay results of HUVECs treated with 0-100 pg/ml of BNNTSs for
24,48 and 72 h (a); ROS detection on HUVECS treated up to 48 h with the same

BNNT concentrations (b). * p < 0.05.
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Figure 8. Effects of a 18 h treatment of BNNTs (0-100 pug/ml) on endothelial VCAM-1 (a)

and ICAM-1 (b) surface expression.

Figure 9. Low (a) and high (b) magnification TEM images of BNNTs internalized by

HUVEC:s. Electron diffraction analysis of BNNTs showed in the inset of (a).

Table 1.  Primer sequences for qRT-PCR analysis.

Table 2.  Quantification of apoptosis in HUVECs exposed to 20 pg/ml of BNNTs for 24,

48, and 72h.
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Figure 1. SEM images at increasing magnifications (a-c) of BNNTSs after treatment with
gum Arabic; quantitative evaluation of BNNT length distribution (d).
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Figure 2. WST-1 assay results of SH-SY5Y cells treated with 0-100 pg/ml of BNNTSs for 24,
48 and 72 h (a); Live/Dead® staining performed after 72 h of treatment (b).
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Figure 3. Confocal laser scanning microscopy images of f-actin and nucleus of cells treated
for 24 h with 0 and 20 pg/ml of BNNTs (a); high magnification confocal images showing
BNNT internalization (b).
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Figure 4. SEM imaging of control cells (a) and of cells treated with 20 pg/ml of BNNTSs for
24 h (b); the inset shows the strong association of BNNTs with the cell membrane.
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Figure 5.

Multimodal Z-stacking SH-SYSY cells treated for 24 h with 20 pg/ml of

BNNTSs: map of the intensity of the CARS signals from the CH, bonds in green, SFG from
the nanotubes in red
Scale bar 10 um.
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Figure 6. Immunofluorescence analysis of SH-SY5Y cells differentiated for 5 days in the
presence of increasing concentrations of BNNTSs: B3-tubulin in green, f-actin in red, nuclei
in blue (a); qRT-PCR evaluation of transcription of genes involved in SH-SYSY
differentiation following BNNT treatment (b); * p < 0.05.
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Figure 7. Amido Black assay results of HUVECs treated with 0-100 pg/ml of BNNTs for 24,
48 and 72 h (a); ROS detection on HUVECs treated up to 48 h with the same BNNT
concentrations (b). * p <0.05.
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Figure 9. Low (a) and high (b) magniﬁcation TEM images of BNNTSs intealized by
HUVEC:s. Electron diffraction analysis of BNNTSs showed in the inset of (a).
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Table 1. Primer sequences for qRT-PCR analysis.

Gene

Sequence

Gapdh

5-CCCTTCATTGACCTCAACTACATG-3'
5"TGGGATTTCCATTGATGACAAGC-3'

Lam

5-GCTGCCGAAATGACCTGT-3'
5'-CCCACACTTCCTCTCTCCT-3'

Map2

5-TCGACTATCAGGTGAACTTTGAA-3'
5-CCCTGATCTTTCCTGTCCC-3'

NeuroD1

5'-ACCTACTAACAACAAAGGAAATCG-3'
5"TCCAGCTTGGAGGACCTT-3'

TubB3

5-GACAATTTCATCTTTGGTCAGAGT-3'
5“TTCACACTCCTTCCGCAC-3'
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Table 2. Quantification of apoptosis in HUVECs exposed to 20 pg/ml of BNNTSs for 24, 48,
and 72h.

Samples C;ﬂ?%ﬁ ) (I;\(Ijlcs r?ot/:)(; ap%%::iic aplc;s;[gtic

cells (%) cells (%)
2ah Control 91.9+£3.5 0.30.1 1.9+0.1 5.8+0.8
BNNTs 92.3+0.6 | 0.30.1 2.4+0.1 4.9+0.4
480 Control 86.040.7 | 0.7+0.5 6.120.2 7.340.1
BNNTs 86.040.3 | 0.8£0.7 6.4+0.2 6.9+0.4
- Control 82.5+0.1 0.7+0.6 8.60.6 8.2+0.9
BNNTs 82.6£0.6 | 1.2+0.6 6.6:0.6 9.4+1.8
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