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Nanoscale structures and materials have been explored in many 
biological applications due to their novel properties.

In particular, their high volume/surface ratio, surface tailorability, 
improved solubility, and multifunctionality have shown a high 
potential for nanomedicine.

Moreover, the intrinsic optical and magnetic properties owned by 
nanomaterials can offer remarkable opportunities of interaction 
with complex biological processes for biomedical applications.

It is thus necessary to understand the impacts of the presence 
of nanomaterials inside the cells, and eventually in vivo.

Introduction



Nanovectors in general have at least
a tripartite constitution:

• a core constituent material
• a therapeutic and/or imaging payload
• biological surface modifiers, which
enhance the biodistribution and tumor
targeting of the nanoparticle dispersion

A major clinical advantage sought by the 
use of nanovectors over simple
immunotargeted drugs is the specific
delivery of large amounts of 
therapeutic or imaging agents per
targeting biorecognition event.

Micro- and Nanovectors for cell therapy
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Boron nitride nanotubes (BNNTs) are structural analogues of 
carbon nanotubes (CNTs): alternating B and N atoms entirely
substitute for C atoms in a graphite-like sheet with almost no 
change in atomic spacing*.

Despite this similarity, carbon and boron nitride nanotubes exhibit
many different properties.

BNNTs exhibit unique physical properties, and have already
proven to be ideal for structural and electronic applications:

Recent theoretical and experimental studies have confirmed that 
BNNTs have excellent piezoelectric properties, superior to those 
of piezoelectric polymers**.

What are BNNTs?

*Chopra N.G. et al.1995 Boron-nitride nanotubes. Science 269: 966

**Terrones M. et al. 2007 Pure and doped boron nitride nanotubes. Mater. Today 10: 30



Biomedical applications of BNNTs: Preliminary results

To date, biomedical applications of BNNTs remain largely unexplored. 

In 2006, Zhi et al. investigated the following interactions:  BNNTs - various protein 
species and BNNTs - DNA.

In 2007, our group at Scuola Superiore Sant’Anna pioneered the first studies of the 
interactions between BNNTs and living cells.

Very recently, other groups have started to focus their attention on BNNTs as 
biomaterials.

Ciofani G. et al., Cytocompatibility, interactions and uptake of polyethyleneimine-coated 
boron nitride nanotubes by living cells: confirmation of their potential for biomedical 
applications. Biotechnology and Bioengineering 101:850-858 (2008)

Ciofani G. et al., Boron nitride nanotubes: an innovative tool for nanomedicine. Nano
Today 4:8-10 (2009)

Ciofani G. Potential applications of boron nitride nanotubes as drug delivery systems. 
Expert Opinion on Drug Delivery, 7(8): 889-893 (2010).

Ciofani G. et al., Investigation of interactions between poly-L-lysine coated boron nitride 
nanotubes and C2C12 cells: up-take, cytocompatibility and differentiation. International 
Journal of Nanomedicine, 5: 285-298 (2010).



Samples are prepared by non-covalent coating by suitable polymers 
(poly-L-lysine, PEI, glycol-chitosan, etc.) 

Sample preparation
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Biocompatibility
Live/dead Apoptosis ROS production

0 µg/ml

[BNNT]

Biocompatibility assays performed 
after 48 h of incubation of          
SH-SY5Y cell cultures with
different concentrations of 
glycol-chitosan coated BNNTs:                              
no evidence of appreciable 
negative effects are detectable in 
each test.
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Ab initio calculations have demonstrated that BNNT can function as excellent piezoelectric 
systems with response values larger than those of piezoelectric polymers (Dai et al., 2009).

Bai et al. have recently verified experimentally a deformation-driven electrical transport
and the first signs of a piezoelectric behaviour in multi-walled BNNTs (Bai et al., 2007).

Our study aims at exploiting BNNTs 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 internalization, using  an 
outer “wireless” mechanical source (i.e., ultrasounds) by virtue of BNNT 
piezoelectric behaviour.

Piezoelectricity in nanomedicine – 1/2

Biocompatible coating
Ligand
Fluorescent molecule
Receptor

Cell

Ultrasound source



Ultrasound source

Culture medium + BNNT

MEA stimulation plate

For a preliminary in vitro proof of this application, a neuron-like cell type was selected:                     
PC12 cells, as responsive to electrical stimuli.

Ciofani G., Raffa V., Danti S., Menciassi A., Dario P., Petrini M., Cuschieri A. 
Piezoelectric nanotube - mediated cell stimulation. Italian patent application nr. 
FI2009A000076, April 14th, 2009; international patent application PCT/IB2010/051602, 
April 14th, 2010; international patent publication WO 2010/119403, October 21th, 
2010.

Stimulation protocol

• 20 W
• 40 kHz
• 5 s
• 5 times per day
• 5 days

Piezoelectricity in nanomedicine – 2/2



Energy Filtered Transmission Electron Microscopy (EFTEM) analysis 

confirmed that GC- coated BNNTs are abundantly internalized by the cells.

(a) the boron elemental map (in red) obtained by EFTEM and the elastically filtered TEM image 
of cells incorporating BNNTs are superposed. The electron energy loss (EEL) spectrum reported 
in (b) was acquired in STEM mode with the electron probe located at the point indicated by                 
a cross in panel (a). The EEL spectrum confirms the B and N composition of the red structures
in (a). The C signal stems from the organic solvents.

Interaction with cells: Internalization



BNNTs as piezoelectric non-invasive nanotransducers

PC12 cells cultured in BNNT-modified differentiating medium (low serum medium supplemented 
with 40 ng/ml of NFG and 5 µg/ml of BNNTs) and stimulated with US for three days developed 
neurites 30% longer than the respective control cultures (p<0.05).
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Ciofani G., Danti S., D’Alessandro D., Ricotti L., Moscato S., Bertoni G., Falqui A., Berrettini S., Petrini M., Mattoli
V., Menciassi A. Enhancement of neurite outgrowth in neuronal-like cells following boron nitride nanotube-
mediated stimulation. ACS Nano, 4(10): 6267–6277 (2010).



Potential application in the BNCT
Boron neutron capture therapy (BNCT) is based on the nuclear capture and fission 
reactions that occur when non-radioactive boron-10 is irradiated with low energy thermal 
neutrons to yield high linear energy transfer (LET) alpha particles (4He) and recoiling 
lithium-7 (7Li) nuclei.

For BNCT to be successful, a sufficient number of 10B atoms (about 109 atoms/cell) 
must be selectively delivered to the tumor and enough thermal neutrons must be 
absorbed by them to sustain a lethal 10B(n, �)7Li capture reaction.

BNCT primarily has been used to treat patients with brain tumors, and more recently 
those with head and neck cancer.

The large cross section of thermal neutron 
interactions with B-10 isotope causes high 
probability of a slitting of boron nucleus 
onto He and Li. 
As ionization capability of He and Li 
ions is high, and their runs are short, 
then the cells, preferably enriched by 
boron, are killed and the healthy cells 
are damaged much less. 



PLL coating

Folate group

Quantum dots

Folate receptor

Cell

The proposed nanovector

Ciofani G., Raffa V., Menciassi A., Cuschieri A. Folate functionalised boron nitride nanotubes and their selective 
uptake by glioblastoma multiforme cells: implications for their use as boron carriers in clinical boron neutron capture 
therapy. Nanoscale Research Letters 4:113-121 (2009)



Selective up-take investigation
The fluorescence image of glioblastoma cells after 90 min incubation in the presence of               
Folate-PLL-BNNTs resulted in an intense fluorescence was clearly observed, indicating 
significant cellular up-take of nanotubes.

In sharp contrast, fluorescence of glioblastoma cells was considerably weaker when the 
cells were incubated for 90 min in the presence of not folate-functionalized PLL-BNNTs.

It was also found that the folate-mediated cellular up-take of Folate -PLL-BNNTs could 
be blocked by competitive inhibition when a large amount of free folate (3.5 mM) was 
added to the culture medium for 30 min before the addition of Folate-PLL-BNNTs.

From left to right: fluorescence images of glioblastoma cells incubated with 
10 µg/ml of Qdot conjugated F-PLL-BNNTs; PLL-BNNTs; F-PLL-BNNTs

with pre-incubation of 3.5 mM free folate

F-PLL-BNNTs PLL-BNNTs 3.5 mM free folate + F-PLL-BNNTs
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BNNT biocompatibility: in vivo studies 2/2

Ciofani G., Danti S., Genchi G.G., D’Alessandro D., Pellequer J.L., Odorico M., 
Mattoli V., Giorgi G. Pilot in vivo toxicological investigation of boron nitride 
nanotubes. International Journal of Nanomedicine, 7: 19–24 (2012)



BNNT functionalization
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f-BNNT characterization: XPS analysis
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Ciofani G., Genchi G.G., Liakos I., Athanassiou A., Dinucci D., Chiellini F., Mattoli V. A 
simple approach to covalent functionalization of boron nitride nanotubes. Journal of Colloid 
and Interface Science, 374(1): 308-314 (2012).

f-BNNT labeling and confocal analysis

�����

20 �m

Oregon-green functionalized BNNTs internalized by NIH/3T3 fibroblasts
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Ceramic materials based on perovskite-like oxides are intensely studied due to 
their applicability in electrical and electronic devices. Thanks to its high 
dielectric constant, barium titanate (BaTiO3, BT) is probably one of the most 
studied compounds of this family.

Until 2009, no evidence of bio-applications of this nanomaterial was found in 
the literature, so we first proposed a preliminary investigation of 
cytocompatibility and cell interactions with BT nanoparticles (NPs).

Barium titanate nanoparticles

SEM image of an agglomerate of 
BT nanoparticles

Ciofani G., Danti S., Moscato S., Albertazzi L., D’Alessandro D., Dinucci D., Chiellini F., Petrini M., 
Menciassi A. Preparation of stable dispersion of barium titanate nanoparticles: potential applications
in biomedicine. Colloids  and Surfaces B: Biointerfaces 76(2): 535-543 (2010).



BTNP characterization

SEM, EDS and XRD analysis of BTNPs



Preparation and characterization of the sample

500 nm

5 µm

0 µm

5 µm

0.4 µm

Characterization of  the 
obtained dispersion (a)             
by TEM (b),  FIB (c), 
and AFM (d) imaging

a b

c d

1st Step: preparation of stable aqueous dispersions with PLL or 
other biocompatible surfactants



Interactions with living cells 1/2

MTT data evidenced                     
an excellent metabolic activity  

up to 100 µg/ml  of nanoparticles
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Interactions with living cells 2/2

Excellent cytocompatibility was confirmed by the 
Live/Dead assay, the Annexin V-FITC assay, 
and the ROS detection assay (performed with 
carboxy-H2DCFDA, a reliable fluorogenic
marker for ROS in live cells) 



Dox-BTNP complexes: preparation

CYTOCOMPATIBILITY 
TESTING

DRUG DELIVERY 
TESTING

BTNP

Dox-BTNP

GC-BTNP

GlycolGlycol--chitosanchitosan

DoxorubicinDoxorubicin



1 µm

Dox-BTNP complexes: characterization

UV/Vis/NIR absorbance 
analysis of doxorubicin alone 

and complexed to the 
nanoparticles (Dox-BTNP).

FIB (a) and TEM 
imaging (b) of Dox-
BTNPs complexes
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MTT test (a) and fluorescence quantitative up-take investigation (b) on the Dox-BTNPs
complexes and on respective controls (doxorubicin alone). * p < 0.05, ** p < 0.005.
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Dox-BTNP complexes: efficiency - 2/2

25 µm

SH-SY5Y culture incubated for 24 h 
with 1.5 µg/ml of doxorubicin (a) and 
culture treated for the same period 
with the same concentration of 
doxorubicin, but complexed with the 
BTNPs (Dox-BTNPs 15 µg/ml, b); 
TEM imaging on Dox-BTNPs
treated cells (c).

25 µm

a b

1 µm

c

Ciofani G., Danti S., D’Alessandro D., Moscato S., Petrini M., Menciassi A. Barium titanate nanoparticles: highly cytocompatible
dispersions in glycol-chitosan and doxorubicin complexes for cancer therapy. Nanoscale Research Letters, 5(7): 1093-1101 (2010).
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ZnO nanoarrays

ZnO has a wurtzite structure, in which the Zn cations and O anions form a 

tetrahedral coordination. The interaction of the polar charges at the surface

results in the growth of a wide range of unique nanostructures, e.g., nanobelts, 

nanosprings, nanorings,  nanohelices.

Another characteristic is the 
lack of center symmetry, 
which results in a 
piezoelectric effect by
which a mechanical
stress/strain can be
converted into electrical
voltage, and vice versa.



ZnO nanoarrays: wireless stimulation

Experimental setup and procedures for generating electricity by deforming
a piezoelectric nanowire using a wireless source as ultrasonic waves

Wang Z.L. Towards self-powered nanosystems: From nanogenerators to nanopiezotronics. 
Advanced Functional Materials 18 (22), 3553-3567 (2008)

Wang Z.L., Song J.H. Piezoelectric Nanogenerators Based on Zinc Oxide Nanowire Arrays 
Science, 242-246 (2006)



ZnO nanoarrays: electro-mechanical transduction

R. Yang, Y. Qin, C. Li, G. Zhu, Z.L. Wang Converting Biomechanical Energy into 
Electricity by a Muscle-Movement-Driven Nanogenerator Nano Lett., 2009, 9 (3)



ZnO nanoarrays: SEM imaging

ZnO nanowire arrays, prepared by a vapor transport method on                 
an EasyTubeÔ 2000ss CVD system, by FirstNano (CVD equipment, 
Ronkonkoma, NY).
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ZnO nanoarrays: proliferation of PC12 cells

Live/Dead assay, DNA content assestment and SEM image
of PC12 proliferating cultures
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ZnO nanoarrays: differentiation of PC12 cells

�-3 tubulin immunostaining
and SEM image of PC12 

differentiating cultures

100 �m

Ciofani G., Genchi G.G., Mattoli V. ZnO nanowire arrays as substrates for cell proliferation and differentiation. Materials 
Science and Engineering: C, 32(2): 341-347 (2012).
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1. Ceramic “smart” nanomaterials were proposed for biomedical applications; 

2. An efficient method for their stabilization in aqueous environments was 
provided;

3. Cytocompatibility assays were performed;

4. First tests exploiting the piezoelectric properties of BNNTs were 
accomplished;

5. Applications in tissue engineering were introduced;

6. Next steps:

• Exploitation of the piezoelectric properties;

• Testing on primary cultures;

• In vivo testing (biocompatibility, biodistribution, therapeutic effects, 
etc.);

• Covalent modification of the nanoparticles.

Conclusions and perspectives – 1/2



� Combination and integration of the analysed approach

� Integration at the mesoscale

Conclusions and perspectives – 2/2
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