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H I G H L I G H T S

• A method was designed to increase
sensitivity and performance of
piezoelectrodes for cochlear stimula-
tion.

• Ceramic/polymer compositeswere used
to increase piezoelectric properties, an-
isotropic fibers to enhance the neurite/
material interaction.

• Fiber alignment increased with tangen-
tial velocity of the collector, but fiber
diameter was not affected.

• The piezoelectric coefficients propor-
tionally increased with barium titanate
weight percentage in the composites.

• The fibers were cytompatible and,
under dynamic culture, enhanced the
viability of neural cells.
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Sensorineural hearing loss, primed by dysfunction or death of hair cells in the cochlea, is themain cause of severe
or profound deafness. Piezoelectric materials work similarly to hair cells, namely, as mechano-electrical trans-
ducers. Polyvinylidene fluoride (PVDF) films have demonstrated potential to replace the hair cell function, but
the obtained piezoresponse was insufficient to stimulate effectively the auditory neurons. In this study, we re-
ported on piezoelectric nanocomposites based on ultrafine PVDF fibers and barium titanate nanoparticles
(BTNPs), as a strategy to improve the PVDF performance for this application. BTNP/PVDF fiber meshes were pro-
duced via rotating-disk electrospinning, up to 20/80 weight composition. The BTNP/PVDF fibers showed diame-
ters ranging in 0.160–1.325 μm. Increasing collector velocity to 3000 rpm improved fiber alignment. The
piezoelectric β phase of PVDF was well expressed following fabrication and the piezoelectric coefficients
increased according to the BTNPweight ratio. The BTNP/PVDFfiberswere not cytotoxic towards cochlear epithe-
lial cells. Neural-like cells adhered to the composite fibers and, upon mechanical stimulation, showed enhanced
viability. Using BTNP filler for PVDFmatrices, in the form of aligned ultrafine fibers, increased the piezoresponse
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of PVDF transducers and favored neural cell contact. Piezoelectric nanostructured composites might find
application in next generation cochlear implants.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Sensorineural hearing loss (SNHL) is a major impairment of the
inner ear as a consequence of damaged sensory epithelium. These
cells, known as hair cells, are present in the organ of Corti to convert
mechanical vibration of the basilar membrane into electric stimula-
tion of the underlying neurons. Dysfunction of the mechano-
electrical transduction capability of hair cells leads to deafness.
Although ageing or external factors, such as exposure to noise and
ototoxic effects of certain drugs, can affect the viability and function
of the hair cells, in most cases (N60%) SNHL is associated to inherited
genetic conditions [1–3]. To treat SNHL, several approaches, such as
gene therapies, stem cell-based treatments, neuroprotective and
chemical drugs, are being investigated aimed at the regeneration of
the delicate inner ear microenvironment [3,4]. Despite of these
new biological and pharmaceutical strategies, nowadays, the only
successful treatment for SNHL still relies on the use of cochlear im-
plants (CIs), which involve an invasive and complex surgery of the
temporal bone [2]. The CI is a multi-component electronic device
that completely replaces the ear function. It includes an external re-
ceiver powered by a battery in which the sound is captured and proc-
essed and finally transmitted to a subcutaneous receiver that is
connected to the electrode array implanted inside the cochlea [5].
The electrode array directly stimulates the auditory nerves,
bypassing the need for hair cells as transducers. Since the fifties, dif-
ferent electrode arrays have been developed, composed with a vari-
able number of electrodes and configurations; however, so far, tone
recognition of speech or music remains the pinnacle of CI-
implanted patients [6,7].

Piezoelectric materials have recently been explored in diverse fields,
including biomedicine and energy harvesting [8,9]. The development of
novel CIs evolving towards the utilization of piezoelectric materials was
firstly suggested by Mukherjee et al. at the beginning of this century
[10–12]. Unlike conventional CIs, piezoelectric CIs are not ferromagnetic
and exploit the cochlear constitutivemechanical tonotopy (i.e. frequen-
cy selectivity along the main axis of the basilar membrane), enabling a
fine tuning process of the sound vibrations [13]. Frequency selectivity,
travelling waves and tonotopic organization in an artificial membrane
have been demonstrated [14]. Indeed, according to the travelling
wave theory, tuning for sound frequency is largely determined by posi-
tion. A piezoelectric polymeric film made of polyvinylidene fluoride
(PVDF) was able to work as a stand-alone device, namely, without the
necessity of an external power supply, thus resulting extremely appeal-
ing to reproduce an artificial cochlea [14]. For the fabrication of cochlear
microdevices that must be flexible to accommodate the curvy inner ear
anatomy, PVDF is indeed an interestingmaterial, as it owns good piezo-
electric properties together with the excellent processability proper of
polymers [15,16]. The development of PVDF-based film membranes
for cochlear stimulation has become a subject of few recent studies,
showing the potential of changing the future way of treating SNHL,
even though an insufficient sensitivity has been reached so far using
plain PVDF [11,14,17].

On the other hand, ceramic materials with a perovskite-like struc-
ture, possess higher piezoelectric properties than those of polymers,
but are very rigid and difficult to process. Among them, barium titanate
(BaTiO3) is a ceramic with excellent piezoelectric properties routinely
applied in devices such as piezoelectric actuators and capacitors [18].
In recent years, barium titanate has also become a subject of biological
and biomedical studies [19]. First evidences have shown that BaTiO3

nanoparticles (BTNPs) were biocompatible and could be uptaken by

cells with neither inducing apoptosis nor affecting cell metabolism
and viability. BTNPs were also used as a filler for polymeric-matrix bio-
medical composite and as a carrier for an anticancer drug, thus
appearing a versatile tool in biomedical applications [20]. It has also
been demonstrated that BTNPs increased the piezoelectric properties
of films made of a PVDF family copolymer [21].

To maximize the efficiency of a piezoelectric substrate towards the
resident neural cells, an effective nanoscale contact between the
neurites and the material must occur, which sometimes is difficult to
achieve by using non-porous flat substrates, like films. Uniaxially
aligned fibrous materials have shown topographic features providing
favorable interactions with neurons and showing the ability to direct
neurites [22]. Electrospinning is a widely used technique to manufac-
ture fibrous materials for variety of applications, such as nanofiber-
reinforced composites, membranes, smart cloths, electrode materials,
sensors, aswell as electronic and optical devices [23–25]. In the biomed-
ical field, this techniques has gained a large popularity for its simplicity,
cost-effectiveness and ability to produce nano-sized fibers resembling
those of the native extracellular matrix, thus showing architectural
cues suitable for cell interaction [26,27]. Electrospun fibers can be pro-
duced with diameters ranging from a few micrometers down to tens
of nanometers, leading to meshes that present superior surface area-
to-volume ratios. Specifically, electrospinning offers several theoretical
advantages for producing piezoelectric substrates for cochlear stimula-
tion: (i) it allows the fabrication of ceramic/polymer nanocomposites
by incorporating nanoparticles in the polymeric solution, (ii) it inher-
ently induces a poling effect on the piezoelectric fibers during the spin-
ning process by means of the high electric field necessary for
manufacturing, and finally (iii) it permits fiber deposition geometry to
be tuned,which can be of outmost importance to induce specific cellular
signals.

The aim of this study was the production of aligned ultrafine PVDF/
BTNP piezoelectric fiber meshes via electrospinningwith increased pie-
zoelectric properties with respect to the plain PVDF and with morpho-
logical nano/micro features attractive for neural cells, as a step
forward towards the accomplishment of piezoelectric substrates for
CIs. Fiber morphology and alignment were evaluated via scanning elec-
tron microscopy (SEM) and two-dimensional Fast Fourier Transform
(FFT), whereas single fiber topography was investigated via atomic
force microscopy (AFM) and scanning near optical microscopy
(SNOM). The dispersion of BTNPs inside the composite fiberswas inves-
tigated using scanning transmission electron microscopy (STEM). The
crystallographic and compositional characterization of the composite
was performed via X-ray diffraction (XRD) and attenuated total reflec-
tance Fourier transform infrared spectroscopy (ATR-FTIR). Themechan-
ical behavior of the composite was tested under in situ environmental
SEM (ESEM) tensile deformation and dynamic-mechanic thermal anal-
ysis (DMTA). Piezoelectric coefficients were evaluated as a function of
BTNP concentration in the polymer using a custom-made bench appara-
tus. Finally, the composite material was cultured in vitro with inner ear
epithelial cells to assess its cytocompatibility, and with neural-like cells
using a bioreactor capable of imparting cyclic bending solicitation dur-
ing cell culture, as a preliminary test to support its possible application
in CI.

Advancements in the development of high performance piezoelec-
tric biomaterials to be used as cochlear transducers would allow SNHL
treatment to move forward the next generation CIs. Changing from
electronics-based to biomaterials-based CIs, the latter being cost-
effective, simple, biomimetic, water and magneto-compatible, would
drastically improve the quality of life of deaf people.
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