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lectrical stimulation as an artificial

stimulus of neural structures has

been widely used in clinical practice
and laboratory study. There are multiple
strategies reported in the literature and in
clinical use that attempt to specifically local-
ize the activation of nervous structures. Ef-
forts have included both invasive and non-
invasive approaches, as well as combined
technologies.™? Such systems typically in-
volve placement/attachment of an elec-
trode to the target organ/tissue (by sur-
gery or interventional radiology) and a
wired connection to the electronic (battery
powered) device, which delivers the appro-
priate electric impulses.>* Despite its tech-
nological refinements, the basic configura-
tion of all such systems for electro-
stimulation therapies has two inherent dis-
advantages: (i) contact problems at the
electrode/tissue interface and (ii) complica-
tions due to the implantation of the stimu-
lator. In this paper we present a new tech-
nology based on indirect, noninvasive
electrical stimulation mediated by piezo-
electric nanoparticles (boron nitride nano-
tubes, BNNTs?) and ultrasounds; in particu-
lar, our preliminary results demonstrated
that this method could successfully stimu-
late neuronal-like cell cultures in vitro.

A boron nitride nanotube (BNNT) is the
structural analogue of a carbon nanotube:
alternating B and N atoms entirely substi-
tute for C atoms in a graphitic-like sheet
with almost no changes in atomic spacing.
In spite of this structural similarity with car-
bon nanotubes (CNTs), BNNTs own superior
mechanical, chemical, and electrical proper-
ties.® In the last years several examples of
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ABSTRACT In this paper, we propose an absolutely innovative technique for the electrical stimulation of

cells, based on piezoelectric nanoparticles. Ultrasounds are used to impart mechanical stress to boron nitride

nanotubes incubated with neuronal-like PC12 cells. By virtue of their piezoelectric properties, these nanotubes

can polarize and convey electrical stimuli to the cells. PC12 stimulated with the present method exhibit neurite

sprout 30% greater than the control cultures after 9 days of treatment.

KEYWORDS: boron nitride nanotubes - PC12 cells - piezoelectric

stimulation - neuronal regeneration

CNT exploitation in biotechnology have
been proposed,” while the biomedical ap-
plications of BNNTs have remained largely
unexplored.? The first studies about
BNNT—cell interactions have been per-
formed by the authors in refs 9 and 10. Re-
cent investigations have confirmed that
BNNTSs also have excellent piezoelectric
properties. Ab initio calculations of the
spontaneous polarization and piezoelectric
properties of BNNTs have demonstrated
that they function as excellent piezoelec-
tric systems with response values greater
than those of piezoelectric polymers, and
comparable to those exhibited by wurtzite
semiconductors.!’ In addition, BNNT bend-
ing forces have been measured directly in-
side high-resolution transmission electron
microscopy, and real-time video-recording
of their elastic kinking deformation has con-
firmed their marked flexibility.'? Recently,
Bai et al. have experimentally verified a
deformation-driven electrical transport and
the first evidence of a piezoelectric behavior
in multiwalled BNNTSs. The insulating char-
acter of an individual BNNT can be modi-
fied by tube squeezing between two gold
contacts inside a TEM. A considerable
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Figure 1. “Wireless” electrical stimulation of cells: every cell internalizing
piezoelectric nanoparticles (e.g., BNNTS) is subject to inner electric stimula-

tion as a consequence of external ultrasound irradiation.

current of several tens of nA is then able to flow
through the tube. Such transport has been confirmed
to be reversible, and disappears almost completely af-
ter tube reloading. These observations underpin the
very high potential of BNNTSs as efficient novel nano-

scale transducers.

The aim of our study is the exploitation of BNNTSs as
nanovectors to carry electrical/mechanical signals on
demand within a cellular system. Electrical stimuli can
be conveyed to a tissue or cell culture after BNNT inter-
nalization, using an outer “wireless” mechanical source
(i.e., ultrasounds) by virtue of BNNT piezoelectric behav-

ior (Figure 1).

RESULTS AND DISCUSSION

Stable dispersions of BNNTs were obtained by
means of glycol-chitosan (GC) as dispersion agent, on
the basis of noncovalent polymeric wrapping. Figure 2
shows a focused ion beam (FIB) micrograph of the
BNNTs after preparation: both single nanotubes and
small aggregates of nanotubes are visible with dimen-
sions of about 200—600 nm in length and about 50 nm

Figure 2. FIB and TEM imaging of BNNTs after the dispersion procedure.
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mediated by BNNT

in diameter. The inlet figure shows an interesting TEM
image of a typical “bamboo-like” structure of the
BNNTSs.

A WST-1 viability assay following cell incubation up
to 9 days with BNNT-loaded culture medium (CM)
showed nonstatistically significant differences with re-
spect to the controls with BNNT concentrations up to 50
rg/mL (p < 0.05 for higher concentrations, Figure 3).

Optimal cell viability up to 50 wg/mL BNNT concen-
tration was confirmed by the LIVE/DEAD viability/cyto-
toxicity assay (Figure 4), which labels living and dead
cells in green and in red, respectively.

Early apoptotic phenomena could be excluded (Fig-
ure 4) by investigating changes in the position of phos-
phatidylserine (PS) in the cell membrane,' using an-
nexin V-FITC. The combination of annexin V-FITC with
propidium iodide (Pl), a red fluorescent DNA-
intercalating agent, allowed necrotic (red stained), early
apoptotic (green stained), apoptotic (green and red
stained), and normal cells (unstained) to be
differentiated.

Finally, reactive oxygen species (ROS) production in
PC12 cells treated with BNNTs was detected by using
the Image-IT Green ROS Detection kit, based on 5-(and-
6)-carboxy-2',7'-dichlorodihydrofluorescein diacetate
(carboxy-H,DCFDA), a fluorogenic marker for ROS in vi-
able cells. As shown in Figure 4, BNNTs did not induce
significant oxidative stress after 9 days of incubation,
even at high concentrations.

Cellular internalization of BNNTs was investigated
by TEM analysis (Figure 5). Noncellular electron-dense
material with cytoplasmatic vesicle localization, com-
patible in terms of appearance and size with the BNNTSs,
was observed. Such observations are consistent with
those of Yehia et al,'® Raffa et al,'® and Tutak et al."”
performed on different types of mammalian cells ex-
posed to CNT-loaded CM that presented high-
resolution TEM images of electron-dense material
within intracellular vacuoles.

To definitively prove that the observed intravesicu-
lar material is the result of BNNT internalization, im-
ages acquired in scanning TEM (STEM) mode
(Figure 5a) underwent electron energy loss
spectroscopy (EELS), as reported in Figure 5b.
This analysis allowed the presence of light
chemical elements (namely, B, C, and N) to
be detected in the indicated area. Since B and
N are the main components of BNNTs and B
is not naturally present at the cellular level,
the result of EELS confirmed that BNNT up-
take by PC12 cells did occur and that such
nanotubes are located inside cytoplasmatic
vesicles. The C signal stems from organic ma-
terial, possibly belonging to the BNNT dis-
persing agent (GC) or to cellular metabolism
products. Stimulation of differentiating PC12
cells was carried out as specified in the Meth-
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Figure 3. GC-BNNT cytocompatibility results on PC12 cells: WST-1 assay after 3, 6, and 9 days of incubation (p < 0.05).
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Figure 4. GC-BNNT cytocompatibility results on PC12 cells: live/dead assay, apoptosis, and ROS detection after 9 days of in-

cubation. Magnification 4X.
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Figure 5. (a) Scanning TEM-high angle annular dark field (STEM-HAADF) image of BNNTs incorporated inside a cytoplas-
matic vescicle of a PC12 cell. (b) Electron energy loss (EEL) spectrum collected with the electron probe located at the point in-
dicated by a cross in image a and showing the B and N signals coming from the BNNTSs. The C signal stems from organic

material.

ods section. Up to 9 days of culture, differentiating sta-
tus (the percentage of differentiated cells in the cul-
ture), number of neuronal processes per cell, and
neurite length were monitored in cultures incubated
with 0, 5, and 10 pwg/mL of BNNTSs, both stimulated and
nonstimulated with ultrasounds. Figure 6 shows repre-
sentative micrographs performed on all the groups at
the end point.

No significant differences in terms of cellular differ-
entiation could be detected among the groups (Figure
7a): all the cultures reached >95% of differentiation
with no differences compared to the control (p > 0.05).

[BNNT] wio US

0
pg/ml

Interestingly, the number of neuronal processes per dif-
ferentiated cell became significantly higher in the cul-
tures that underwent both BNNT-incubation and ultra-
sound stimulation (Figure 7b): on average, about five
processes were found in the BNNT-US stimulated cul-
tures with respect to the typical four processes of the
control groups (p < 0.05). No significant differences
were found between the two different BNNT concentra-
tions investigated.

However, a dramatic increment of the developed
neurites was the most remarkable outcome ascribable
to the combined stimulation. Figure 7c shows the trend

of neurite length vs differentia-
w US tion time. After 72 h of treat-
ment, average neurite length
in the BNNT-US groups was
clearly higher than that of the
control cultures, and this incre-
ment rose by about 30% at the
end of the 9th day.

To try to clarify the mecha-
nisms underlying the evident ef-
fects of the combined stimula-

tion BNNT+US, two tests were
carried out with different differ-
entiation inhibitors.
Blockage of the NGF specific
5 receptor TrkA was performed by
pg/mi treating the cells with K2523,'® as
outlined in the Methods section.
Cultures (treated with 0 and 10
pg/mL of BNNTs, with and with-
out ultrasound stimulation) were
monitored for 6 days, and the
differentiation status was ana-
10 lyzed at the end point (Figure
pg/ml 8a). Differentiation was very low
in all the experimental groups
(about 5—10%), but increased
significantly in the BNNT+US

Figure 6. Images of calcein-labeled PC12 cells after 9 days of
without BNNT incubation; with and without US stimulation).
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treatment (about 25% of differ-

treatments (with and R .
entiated cells, p < 0.05: Figure

Magnification 20X.

www.acsnano.org



wio US

wUus
120 120
1 =8 100
c /Fé—ﬂ
i — §
£ K] n/
E 60 T g 60
S —=0—0 ug/ml & /
< 40 5 40 —=0—0 ug/ml|
M —3-5 ug/ml ES
® / +1og ] 20 / oS ueml
ug/m / —A—10ug/ml
0 T T T T o a
0 2 4 6 8 10 0 2 4 6 8 10
days days
wo Us wUus
6 6
4 4
g 8
£ 2
3 =
< g Oug/ml
® —0—0 ug/ml il * —o—0ug/ml |
—-5 wg/ml ——5ug/ml
—A—10ug/ml —A—10 ugiml
0 T T r T 0 T T T r b
0 2 4 6 8 10 0 2 4 6 8 10
days days
wio US wUs
€0 90
80 80 e —A
70 70 -~ ﬁ. ﬁ.
X
c 60 c 60 =
By e | B T P a—
= 40 = 8 40 S
g 2 é/ —o—0 ug/ml 3 30 /]';J/ —=O—0 ug/ml
c c X
20 {35 ugil 20 —1-5 ugiml
10 ~ —A—10 ugml 10-% —A—10 ugml
Y T T T T ore T T T c
0 2 4 6 8 10 0 2 4 6 8 10
days days

Figure 7. Trends of the differentiation (a), number of neurites/cells (b), and neurite lengths (c) during the 9 days of experi-

ments (n = 3).

8b, and increased neurite number: Figure 8c). Again, neu-
rite length was significantly higher in the double-
stimulated group (about 20 wm with respect to the 8
pm of the other groups, p < 0.01; Figure 8d). In any case,
we should once again point out that the differentiation
state in all the cultures treated with the K252a inhibitor
was extremely low, thus demonstrating that the TrkA re-
ceptor plays a key role even in the presence of the stimu-
lation with BNNTs and ultrasounds. However, the slight
but significant enhancement of differentiation even in the
presence of the inhibitor suggests that the stimulation
could activate signaling molecules of the differentiation
pathway, located downstream to the TrkA receptor.
Moreover, the higher differentiative capability of the
stimulated samples, observed with or without TrkA inhibi-
tor, could suggest a synergic effect with NGF on the neu-
ral differentiation pathway. To evaluate the role of cal-
cium influx, some experiments were repeated with
lanthanum ions (LaCls), which are known to be nonspe-
cific calcium ion channel blockers.' The results are high-
lighted in Figure 9. In this case, a well-sustained differen-
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tiation was observed in all the experimental groups
(Figure 9a), with no substantial differences in the differen-
tiation rate (Figure 9b) or in the number of developed
neurites (Figure 9¢). An increment of neurite length was
again highlighted in the case of double stimulation
(about 15%, p < 0.05; Figure 9d), but was significantly re-
duced with respect to the results achieved in the ab-
sence of LaCl; (Figure 7c).

These results suggest that calcium influx plays a sub-
stantial role in the case of BNNT+US stimulation, thus
enforcing the hypothesis of indirect electrical stimula-
tion due to the piezoelectric properties of BNNTSs, being
calcium ions required for the electrically induced devel-
opment of PC12 neurites.?’

A final test was conducted on a different neuronal-
like cell line, namely SH-SY5Y, which is a neuroblastic
subclone of the neuroblastoma cell line SK-N-SH,?! and
is able to differentiate into a functional and morpho-
logical neuronal phenotype when treated with retinoic
acid,? neurotrophic factors, or phorbol esters.?* Retin-
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VOL.4 = NO.10 = 6267-6277 = 2010 a@@%@/

N

)

6271



6272

L’_\.\,\—;i

35

w
8

1
&

7

N
R

.

~
S

% differentiation
o

# neurites

20

10 +—
as
ao

K BNNT K+US

7

N

...

BNNT + US

77

neurite length

o

d

K BNNT

K+Us BNNT + US

Figure 8. Stimulation experiments in the presence of the TrkA inhibitor K252a: images of calcein-labeled PC12 (a), differen-
tiation (b), number of neurites/cells (c), and neurite lengths (d) cells after 6 days of treatments (n = 3, p < 0.05). Magnifica-

tion 20X.

oic acid induces differentiation through a pathway
that does not involve TrkA, thus allowing to further as-
sess the mechanism of the proposed stimulation. The
results are reported in Figure 10. After 6 days of treat-
ment, cultures show a moderate differentiation (about
40% in each experimental group; Figure 10a,b). No dif-
ferences were observed in the number of developed
neurites (Figure 10c) but, once again, a significant in-
crease in neurite length was evidenced on the 6th day
of stimulation with ultrasounds in the presence of 10
rg/mL of BNNTSs (about 30%, p < 0.05; Figure 10d).
These data confirm the effects of stimulation on differ-
ent cell lines, with different differentiation pathways:
even if the most important outcomes have been seen
in the case of PC12 cells, where TrkA was demonstrated
to play a major role also in the stimulation-mediated
differentiation, the enhancement of neurite outgrowth

ANARNES . .
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in SH-SY5Y cells demonstrates the efficiency of stimula-
tion also when the TrkA receptor is not involved in the
differentiation pathway.?*

All these results clearly demonstrated an efficient in-
direct stimulation, opening exciting perspectives in the
field of neuronal regeneration.

Several in vitro and in vivo studies have shown that
electrical stimulation plays an important role in neurite
extension and in the regeneration of transected nerve
ends.?>~% Electrical charges appear to be focused on
the stimulation of axonal regeneration;®® therefore,
many electrical stimulating materials have been evalu-
ated to determine whether they can be used in the de-
velopment of effective nerve regeneration.?3° Al-
though the exact mechanisms by which electrical
stimulation favors nerve regeneration have not yet
been clearly understood, it is a well-known fact that

www.acsnano.org



[BNNT] wio US

Hg/ml

50

d

K BNNT

K+US BNNT + US

Figure 9. Stimulation experiments in the presence of the calcium channels inhibitor LaCl;: images of calcein-labeled PC12
(a), differentiation (b), number of neurites/cells (c), and neurite lengths (d) cells after 6 days of treatments (n = 3, p < 0.05).

Magnification 20X.

electrical stimulation enhances both neurite outgrowth
in vitro®'32 and nerve regeneration in vivo,3~36
Nanotechnology offers several innovative ap-
proaches for neuronal stimulation. Carbon nanotubes,
for example, have been applied in several areas of nerve
tissue engineering to probe and augment cell behav-
ior, to label and track subcellular components, and to
study the growth and organization of neural networks.
Recent reports have shown that nanotubes can sustain
and promote neuronal electrical activity in networks of
cultured cells, but the ways in which they affect cellular
function are still poorly understood. Using single-cell
electrophysiology techniques, electron microscopy
analysis, and theoretical modeling, Cellot et al.*” have
demonstrated that nanotubes improve the responsive-
ness of neurons by forming tight contacts with the cell
membranes. Very interestingly, this report shows that

Www.acsnano.org

nanotubes can sustain and promote neuronal electri-
cal activity in networks of cultured cells, by favoring
electrical shortcuts between the proximal and distal
compartments of the neuron.

Recent studies, moreover, have suggested the great
potential of high density, carbon nanotube (CNT) coated
surfaces as interfacing material with neural systems 3846
A study by Shein et al.*’ presents novel carbon nanotube-
based electrode arrays composed of cell-alluring CNT is-
lands. These play the double role of anchoring neurons di-
rectly and only onto the electrode sites (with no need for
chemical treatments) and facilitating high fidelity electri-
cal interfacing-recording and stimulation.

A study by Keefer et al.*® shows that conventional
tungsten and stainless steel wire electrodes can be
coated with carbon nanotubes using electrochemical
techniques, and that this coating enhances both the re-
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(a), differentiation (b), number of neurites/cells (c), and neurite lengths (d) cells after 6 days of treatments (n = 3). Magnifi-

cation 20X.

cording and electrical stimulation of neurons in cul-
ture, rats, and monkeys by decreasing electrode imped-
ance and increasing charge transfer.

Finally, a very recent paper*® has reported that low
concentrations of functionalized CNT, when added with
nerve growth factor (NGF), promote the outgrowth of
neuronal neurites in dorsal root ganglion (DRG) neurons
and in PC12 cells.

Here, we have proposed an innovative solution
based on the combination of noninvasive stimula-
tion with US in the presence of piezoelectric nano-
particles incubated with cells, which can elicit the
same phenomena derived from a “classical” electric
stimulation, i.e., a markedly pronounced outgrowth
of neuronal processes in PC12 cultures, but without
the need for electrodes in the culture. This was
achieved by mechanical stimulation of the BNNTs
which, by virtue of their polarizability, are able to

NO. 10 = CIOFANI ET AL.

convey electrical stimuli to the cells. Among the al-
ready mentioned applications in regenerative medi-
cine, this concept could also be used in life science
wherever electrical stimulation is needed, e.g., deep
brain stimulation,* gastric stimulation for gastroparesis,”'
cardiac pacing for various cardiac arrythmias,>? skeletal
muscle stimulation in various neuropathies, etc. Of
course, before any realistic in vivo applications, deep in-
vestigations in the BNNT impact on living organisms are
mandatory. Biocompatibility, biodistribution, and degra-
dation of these novel nanoparticles have to be tested, ow-
ing to the total lack of data in the literature.>* Active in
vivo targeting of BNNT toward the site to be treated also
should be achieved.

Although extensive and quantitative investigations
will be needed after these preliminary results, we are
confident in the tremendous impact this technology
could have in biological and clinical practices.

www.acsnano.org



METHODS

Boron Nitride Nanotubes Preparation. BNNTSs (purchased from the
Nano and Ceramic Materials Research Center, Wuhan Institute
of Technology, China) were produced using an annealing
method from boron containing precursors.>® Details of the
sample provided by the supplier include boron nitride >98.5
wt % and yield >80%.

Glycol chitosan (G-chitosan 81339 from G7753 Sigma) was
used for the dispersion and stabilization of BNNTSs. Dispersion
was prepared with phosphate buffered solution (PBS). BNNTSs (5
mg) were mixed with 10 mL of a 0.1% G-chitosan solution in a
polystyrene tube. The samples were sonicated for 12 h (by a
Bransonic sonicator 2510), using an output power of 20 W for
all the experiments, resulting in a stable G-chitosan-BNNT disper-
sion by noncovalent coating of the nanotube walls with
G-chitosan. The dispersion was characterized by spectrophoto-
metric analysis, using a LIBRA S12 Spectrophotometer UV/vis/NIR
(Biochrom). Microphotographs of the final dispersion of BNNTs
were obtained with a FEI 200 FIB microscope and Zeiss 902 TEM,
dropping a small quantity of BNNT aqueous suspension on a
copper grid.

Cell Culture, Viability Assay, and Up-Take Assessment. The studies
were performed on PC12 cells (ATCC CRL-1721), a cell line de-
rived from a transplantable rat pheochromocytoma. PC12 cells
respond reversibly to the administration of the nerve growth fac-
tor (NGF) by expressing the neuronal phenotype. As a matter of
fact, NGF is responsible for phenotype commitment of PC12 cells
toward sympathetic neurons. Additional salient effects of NGF
in PC12 cell cultures include inhibition of proliferation, genera-
tion of long neurites, acquisition of electrical excitability, hyper-
trophy, and other changes associated with the acquisition of a
neuronal-like phenotype.>

PC12 were cultured in Dulbecco’s modified Eagle medium
with 10% horse serum, 5% fetal bovine serum, 100 IU/mL peni-
cillin, 100 pg/mL streptomycin, and 2 mM L-glutamine. Cells
were maintained at 37 °C in a saturated humidity atmosphere
(i.e., 95% air/5% CO,).

Additional experiments were carried out on human neuro-
blastoma SH-SY5Y cells (ATCC CRL-2266). This cell line repre-
sents a good model system for studying neuronal properties in
culture, as many of their receptor systems have been well char-
acterized and widely used as a model system for investigations in
neuritogenesis.>” Treatment with retinoic acid has been re-
ported to induce differentiation of SH-SY5Y cells, without alter-
ing the TrkA expression.®® SH-SY5Y were cultured in Dulbecco’s
modified Eagle medium and Ham’s F12 (1:1) with 10% fetal calf
serum, 100 IU/mL penicillin, 100 p.g/mL streptomycin, and 2 mM
L-glutamine. Cells were maintained at 37 °Ciin a saturated humid-
ity atmosphere containing 95% air/5% CO,. Compatibility of
BNNTs on SH-SY5Y cells already has been widely documented.>®

For viability testing, WST-1 (2-(4-iodophenyl)-3-(4-
nitophenyl)-5-(2,4-disulfophenyl)-2H-tetrazoilium monosodium
salt, provided in a premix electro-coupling solution, BioVision)
cell proliferation assays were carried out. After trypsinization and
counting with a hemocytometer, 5000 cells were seeded in 96-
well plate chambers. Once adhesion was verified (after about
12 h since seeding), cells were incubated with 0, 5, 10, 20, 50,
and 100 pg/mL of glycol-chitosan coated BNNTSs for 3, 6, and 9
days. At the end point of incubation, cell cultures were treated
with 100 pL of culture medium + 10 pL of the premix solution
for a further 2 h and, thereafter, absorbance at 450 nm was read
with a microplate reader (Victor3, Perkin-Elmer).

Viability was further investigated with the LIVE/DEAD viabil-
ity/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)]. After incubation for 72 h
at GC-BNNT concentration of 10 wg/mL, the cells (25 000 in 24-
well plate chambers, n = 3) were rinsed with PBS and treated for
10 min at 37 °C with 2 pM calcein AM and 4 pM EthD-1 in PBS.
The cells were finally observed (after 9 days) using an inverted
fluorescent microscope (TE2000U, Nikon) equipped with a
cooled CCD camera (DS-5MC USB2, Nikon) and by NIS Elements
imaging software, provided with the appropriate filters.

For early apoptosis detection, 25 000 cells were seeded in 24-
well plate chambers (n = 3) and treated with 0—100 p.g/mL of
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glycol-chitosan coated BNNTSs for 9 days. The ApoAlert kit
(Clonetech Laboratories) was used to evaluate differences be-
tween normal and apoptotic cells after treatments. The kit con-
tains annexin V-FITC (20 wg/mL in Tris-NaCl), 1X binding buffer,
and propidium iodide (50 pwg/mL in 1X binding buffer). The cells
were rinsed with 1X binding buffer and then incubated with
200 p.L of 1X binding buffer containing 5 pL of the annexin V so-
lution and 10 p.L of the propidium iodide solution. After incuba-
tion in the dark at room temperature for 20 min, the cells were
observed via fluorescence microscopy with the appropriate
filters.

Generation of reactive oxygen species (ROS) is a normal
event for aerobic organisms, which occurs at a controlled rate
in healthy cells. Under conditions of oxidative stress, like expo-
sure to nanomaterials,®® ROS production is dramatically in-
creased, resulting in subsequent alteration of membrane lipids,
proteins, and nucleic acids.

ROS production in PC12 cells treated with BNNTs was de-
tected with use of the Image-IT Green Reactive Oxygen Species
Detection kit (Invitrogen). The assay is based on 5-(and-6)-
carboxy-2',7'-dichlorodihydrofluorescein diacetate (carboxy-
H,DCFDA), a fluorogenic marker for ROS in viable cells. The non-
fluorescent carboxy-H,DCFDA permeates live cells and is
deacetylated by nonspecific intracellular esterases. In the pres-
ence of nonspecific ROS (produced throughout the cell, in par-
ticular during oxidative stress) the reduced fluorescein com-
pound is oxidized and emits bright green fluorescence.®’ The
cells (25 000 per well) were seeded in 24-well plate chambers (n
= 3) and treated with 0—100 wg/mL of glycol-chitosan coated
BNNTSs for 9 days. They were then incubated for 45 min with a 25
M carboxy-H,DCFDA working solution (in DMSO:PBS at 1:400
v/v) and immediately observed via fluorescence microscopy with
the appropriate filters.

For both apoptosis and ROS detection, cell nuclei were coun-
terstained with 5 pg/mL of Hoechst 33342.

Internalization was assessed by transmission electron micros-
copy (TEM). PC12 cells were seeded at 2 X 10° cells/T25 flask. Af-
ter attachment, they were incubated in a GC-BNNT modified
CM (at a final concentration of 5 wg/mL). After 12 h of incuba-
tion, the samples were washed in PBS 0.1 M and then fixed when
still adherent to flasks with 1% w/v glutaraldehyde—4% w/v
paraformaldehyde in PBS 0.1 M pH 7.2 for 2 h at 4 °C. After wash-
ing, the cells were detached by scraping, postfixed in 1% w/v
0sO4 PBS 0.1 M pH 7.2 for 1 h, washed, and dehydrated with
acidified aceton-dimethylacetal (Fluka) for 10 min. The samples
were mixed in Epon/Durcupan resin in BEEM capsules #00 (Struc-
ture Probe) overnight at room temperature and finally embed-
ded in resin at 56 °C for 48 h. Ultrathin sections (20—30 nm thick)
were obtained with an Ultrotome Nova ultramicrotome (LKB,
Bromma, Sweden) equipped with a diamond knife (Diatome,
Biel/Bienne, Switzerland).

The sections were placed on 200 square mesh nickel grids,
counterstained with saturated aqueous uranyl acetate and lead
citrate solutions, and observed with a Jeol JEM-2200FS micro-
scope (Jeol, Japan). To assess the actual presence of BNNTs, B el-
emental map was obtained from the B K core-loss edge at 188
eV with the three windows method using a 20 eV energy slit. The
EEL spectrum was acquired in STEM mode.

Cell Stimulation Experiments. PC12 cells were plated in 24-well
chambers and kept in standard culture conditions for 24 h. Thus,
CM was replaced with differentiating medium containing 2% fe-
tal bovine serum, 100 [U/mL penicillin, 100 wg/mL streptomy-
cin, 2 mM L-glutamine, and 60 ng/mL of NGF (N1418 from
Sigma). Parallel experiments were carried out: cell cultured in dif-
ferentiating medium with and without ultrasound (US) stimula-
tion; cells cultured in BNNT-modified CM (5 and 10 p.g/mL) with
and without US stimulation, which was settled at 20 W, 40 kHz,
for 5's, 4 times a day for 9 days, performed with a Bransonic son-
icator 2510.

For pharmacological inhibition of TrkA, cultures were treated
with 200 nM K252a (Calbiochem) and monitored up to 6 days.
Four parallel experiments were carried out: cells cultured in dif-
ferentiating medium with and without ultrasound (US) stimula-
tion; cells cultured in BNNT-modified CM (10 pg/mL) with and
without US stimulation.

f AN
VOL. 4 = NO. 10 = 6267-6277 = 2010 ACSNJANIC

N

)

=4

6275



A number of experiments and analyses were carried out

treating PC12 cells with LaCl; (100 wM). In this case, lanthanum

ions act as nonspecific calcium influx blockers, which allow the

role of calcium ions to be investigated during the differentiation
process.'”

SH-SY5Y cells were plated in 24-well chambers and kept in

standard culture conditions for 24 h. Thus, CM was replaced
with differentiating medium containing 2% fetal bovine serum,
100 IU/mL penicillin, 100 pwg/mL streptomycin, 2 mM
L-glutamine, and 10 wM retinoic acid (R2625 from Sigma). Four

parallel experiments were carried out: cells cultured in differenti-

ating medium with and without ultrasound (US) stimulation;
cells cultured in BNNT-modified CM (10 pg/mL) with and with-
out US stimulation.

In all experiments the cells were stained with 2 wM calcein

AM for better visualization. Digital images were acquired and
analyzed with ImageJ software for evaluation of differentiation,
neurite length, and number of neurites per cell. More than 50
cells were analyzed for each experiment.

Statistical Analysis. Analysis of WST-1 data was performed by

variance analysis (ANOVA) followed by the Student’s t-test for
significance, which was set at 5%. The analysis of differentiation
data was performed following the Kruskal—Wallis procedure;
p-values <0.05 were considered significant. WST-1 tests were
performed in exaplicate, the other experiments in triplicate. In
all cases, three independent experiments were carried out. The
results are presented as mean value *+ standard deviation.
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