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Abstract  

Sensorineural hearing loss (SNHL) is the most common permanent ear disorder affecting 

people worldwide. The treatment of profound SNHL requires the use of a cochlear implant 

(CI) whose implantation involve some disadvantages related to its construction and to 

quality of life of implanted patient. In order to decrease side effects, scientists are working 

on innovative CI to achieve a better hearing sensitivity and quality in deaf population.  

Another common ear disorder is the perforation of the tympanic membrane. In case of 

serious perforation, the surgical treatments currently used are the myringoplasty and the 

tympanoplasty but, both techniques have suboptimal outcome. For this reason, many 

studies are focused on the creation of scaffolds, to be used in tympanic membrane 

regeneration.  

The aim of this thesis was to analyse the in vitro biocompatibility and efficacy of new 

nanomaterials and biomaterials to be used in developing innovative ear devices useful to 

improve the compliance of patients with inner or middle ear diseases.  

Firstly, the biocompatibility of piezoelectric nanoparticles barium titanate and lithium 

niobate was analysed on two different cell lines, an Organ of Corti cell line (OC-k3) and a 

neuron-like cell line deriving from rat pheochromocytoma (PC12). These piezoelectric 

nanoparticles are involved in the construction of an innovative “self-powered” CI, which, 

by exploiting its piezoelectric features, will stimulate the cochlear neurons bypassing the 

damaged inner ear cells. The biocompatibility effect was assessed by analysing cytotoxic, 

apoptotic, oxidative and neurotoxic stimuli. 

In the second part of the study, the aim was to analyse the biocompatibility of different 

patches and nanoparticles involved in the construction of biodegradable scaffolds produced 

using copolymers of poly(ethylene oxide-terephthalate)/poly(butylene terephthalate) 

(PEOT/PBT), containing chitin nanofibrils (CNs), and covered by different types of 

nanoparticles loaded with the antibiotic ciprofloxacin. These scaffolds aim to facilitate the 

healing process of the tympanic membrane by improving the proliferation and migration of 
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keratinocytes and by reducing the middle ear inflammation and the incidence of infection 

during the wound healing process. The biocompatibility was assessed on OC-k3 cells by 

analysing the cytotoxicity and the morphological changes induced by the PEOT/PBT 

copolymers containing different (w/w %) weight ratio of CNs: polyethylene glycol (PEG) 

pre-composite; and of the ciprofloxacin-loaded poly (lactic-co-glycolic acid) (PLGA), 

polycaprolactone (PCL), molecular imprinting (MIP) and non-molecular imprinting (NIP) 

nanoparticles. 

The results showed that barium titanate and lithium niobate did not induce any cytotoxic 

or apoptotic effects on OC-k3 and PC12 cells, but actually increased cell viability and 

improved neuritic network. These piezoelectric nanoparticles appear biocompatible for 

inner ear cells and are good candidates for improving the efficiency of new implantable 

hearing devices without damaging neurons. Overall, these results confirm that the electric 

stimulation has neuromodulatory effects on neurons and highlight the importance of 

developing new scaffolds coated with piezoelectric nanoparticles to be exploited in the 

treatment of neuronal diseases.  

Concerning the second part of this project, the results showed the biocompatibility of all 

materials involved in the production of the biodegradable scaffolds made of the PEOT/PBT 

copolymers, containing CNs, and covered by ciprofloxacin loaded nanoparticles, on the 

inner ear cell line OC-k3. Although further tests are required to clarify the effects of these 

materials, the construction of scaffolds containing chitin nanofibrils and ciprofloxacin-

loaded nanoparticles, could be a great advantage for new implantable biodegradable 

devices to be used for repair of damaged tympanic membrane, without inducing any toxic 

effects on the delicate inner ear cells. 
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1. Introduction 

Our world is constantly evolving and, with it, knowledge and future perspectives of human 

beings are increasing. Over time, curiosity and the ceaseless research for innovation have 

shifted human attention from the macroscopic world to the microscopic one. The advent of 

nanotechnologies dates back a few decades (Patil et al., 2008) and nanotechnologies are 

presently used in many research fields, including medicine, engineering, physics, chemistry 

and biology. The features of nanocompounds are used to obtain nanodevices that could 

allow previously unimaginable results (Patil et al., 2008; Ray et al., 2009; Jones et al., 2013). 

Concerning the field of sensorineural pathologies, although hearing and balance problems 

are very common, their diagnosis and treatment are often problematic due to the anatomy 

of the temporal bone, the difficult access to the inner ear and the presence of barriers that 

maintain the homeostasis of fluids. New technologies are therefore under development to 

overcome these barriers and treat many disorders affecting the human ear (Juhn, 1988; Zou 

et al., 2016). 

 

1.1  Auditory system 

Sound consists of vibrations transmitted by vibrating objects through water, air or solids. A 

vibrating diapason, for example, transmits the pressure to air molecules that collide and 

deliver the vibrations to the ear. The sound waves are characterized by a pitch and a width. 

The pitch describes the frequency of vibration and is measured in hertz (Hz), the width 

describes the intensity of waves and is measured in decibel (dB). 

The human ear is the sensory organ that perceives and transmits sound waves (with pitch 

from 20 to 20000 Hz and width from 0 to 120 dB) to the brain, and regulates the equilibrium 

and head coordination (Kenneth, 2019; Sánchez López de Nava et al., 2021). Anatomically 

it is divided in three parts: external, middle and inner ear (Fig. 1). The external part of the 

ear consists of the auricle, which protrudes from the side of the head and collects sound 

waves; and of the external auditory canal, that crosses the temporal bone and receives the 
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waves from the auricle, transmitting them to the tympanic membrane (Kollmeier, 2008; 

Hawkins, 2020). 

 

 

The middle ear is an air-filled canal, localized in the tympanic cavity, consisting of a 

tympanic membrane (eardrum) that vibrates in response to incoming waves, and three tiny 

bones (malleus, incus and stapes) that by their related muscles and ligaments allow sound 

to pass from the eardrum to the inner ear. The Eustachian tube connects the middle ear with 

the nasopharynx, and maintains the ear ventilation, drains fluids and equilibrates the air 

pressure on both sides of eardrum, avoiding its impairment (Staecker et al., 2008; Carreiro, 

2009). 

The inner ear, deeply inserted into the temporal bone, is localized inside the membranous 

labyrinth, in turn contained within the bony labyrinth. The membranous labyrinth is filled 

with endolymph, a fluid similar to the extracellular one, rich of K+ ions; the space between 

the two labyrinths is filled with perilymph, similar to cerebrospinal fluid, rich of Na+ ions. 

Fig. 1. Anatomy of the human ear. (redrawn from: Ear Audities, an educational blog on 

ears, https://earaudities.wordpress.com/basic-anatomy/) 
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The inner ear begins with the vestibule, a cavity connected to the middle ear through the 

oval window, which contains the organs of equilibrium (also called “balance organs” or 

“vestibular system”), the “semicircular canals”, the “utricle” and the “saccule”. The 

vestibular system shares the embryological origin with the cochlea, the spiral tube 

containing the sensory organ of hearing (Kollmeier, 2008; Kenneth, 2019; Hawkins, 2020). 

 

1.1.1  Cochlea 

The human cochlea is a fluid-filled tube, coiled for 2.5 turns around an axis of conical spongy 

bone called “modiolus”. It has a base of 9 mm in diameter and a height of 5 mm. The inside 

of cochlea is divided in three chambers: the vestibular duct (scala vestibuli), the cochlear duct 

(scala media) and the tympanic duct (scala tympani) (Fig. 2). The vestibular duct begins near 

the oval window and envelops the modiolus up to the cochlear apex, where it meets the 

scala tympani that, in turn, winds towards the cochlear base ending near the round window.  

 

These two chambers are filled with perilymph and communicate with each other through 

the “helicotrema”, a small opening at the apex of cochlea that maintains the pressure balance 

of the perilymph between the two ducts (Javel, 2003; Kollmeier, 2008; Martini et al., 2011).  

Fig.2. Section of the human cochlea and enlargement of the organ of Corti (Russo et al., 2019). 
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The scala media, the cochlear part of the membranous labyrinth, has a triangular shape and 

is filled with endolymph. It is separated from the overlying scala vestibuli by a thin 

membrane called “Reissner’s membrane”, and from the underlying scala tympani by the 

“basilar membrane” (Javel, 2003; Kollmeier, 2008). The lateral border of scala media is defined 

by the spiral ligament and by the stria vascularis that maintains the K+ concentration of the 

endolymph (Zhang & Duan, 2009).  

 

1.1.2  Organ of Corti 

The auditory organ, the “organ of Corti”, is located inside the cochlear duct, on the basilar 

membrane. The basilar membrane is a 35mm long membrane with an increasing width, 

proceeding from the base (0.1 mm) to the cochlear apex (0.65 mm) and associated with a 

decreasing stiffness (the base is stiffer than the apex). These differences are important for 

the sound perception, and make the basilar membrane a tonotopic map that vibrates in a 

specific way according to the frequency of sound stimuli.  

The basilar membrane acts as a support for the organ of Corti, made up of sensory 

neuroepithelium and supporting cells. The pillar supporting cells create the tunnel of Corti, 

which runs lengthwise along the cochlear duct and separates the sensory inner hair cells 

(IHC), arranged in a single row near the modiolus, from the outer hair cells (OHC), arranged 

in three rows far from the modiolus. The hair cells are highly specialized mechanosensitive 

cells, characterized by long stiff microvilli, the stereocilia, arranged in 3-4 rows on the top 

of the cells in ascending order, from the lowest to the highest. The stereocilia transform the 

sound vibrations into neural impulses (Kenneth, 2019; Martini et al., 2011; Hawkins, 2020). 

On the top of hair cells lies the tectorial membrane, an acellular structure made up of fibrils 

anchored to OHC stereocilia. The deflection of the stereocilia in response to the movements 

of the basilar membrane causes the opening of the ionic channels present on the hair cells; 

this causes the cellular depolarization and the consequent release of a neurotransmitter 

(glutamate) which stimulates sensitive neurons. The nerve fibres that innervate hair cells 
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are the peripheral processes of the bipolar neurons of the spiral ganglion, located at the base 

of the osseous spiral lamina; the axons of bipolar neurons form the cochlear nerve. Afferent 

and efferent dendritic fibres therefore innervate the cochlea; each IHC is connected directly 

to 10-20 afferent fibres, while more OHC are connected to the same afferent fibre and 

possess most of the efferent innervation. This peculiar innervation is related to the different 

function of hair cells: the IHCs transfer the sound information to the central nervous system, 

while the OHCs tune each point of the basilar membrane with a specific wave frequency, 

allowing IHCs to have greater accuracy (Kenneth, 2019; Martini et al., 2011). 

 

1.1.3  Physiology of hearing 

The acoustic waves are collected by the auricle and directed to the eardrum through the 

external auditory canal. The vibrations are then transferred to malleus, incus and stapes 

that, in turn, transmit them to the oval window. There the vibrations are converted in 

pressure waves that cause the oscillation of the perilymph inside the scala vestibuli. These 

fluid oscillations produce a movement of the basilar membrane that vibrates with a 

frequency directly proportional to the sound frequency. High frequency waves allow the 

short fibres of the basilar membrane to resonate in the basal turn of the cochlea; low 

frequency waves cause the apical turn to resonate. The sound wave travel along the basilar 

membrane, generating a minimum perturbation until the point of maximum displacement, 

corresponding to the specific sound frequency, is reached. The movement of the basilar 

membrane induces a vibration of the hair cell body, triggering the deflection of the 

stereocilia and the consequent cell depolarization. The release of neurotransmitter by the 

IHCs then generates the action potential in afferent neurons and the potential will be 

propagated through the cochlear nerve to the central nervous system (Martini et al., 2011). 
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1.1.4  Hearing loss 

Hearing loss is a partial or total reduction of hear and is the third chronic condition that 

affects adults (Martini et al., 2011; Mahmoudi et al., 2021; WHO, 2021). The World Health 

Organization (WHO) estimates that by 2050 over 700 million people will be suffering of 

hearing loss (WHO, 2021). Hearing loss may be classified on the following bases:  

­  date of appearance, congenital (present at birth) or acquired (appeared after birth);   

­  cause of injury, endogenous (hereditary/genetics) or exogenous (caused by 

environmental factors); 

­  grade, mild (20-40 dB), moderate (41-70 dB), severe (71-94 dB), profound (≥95 dB); 

­  site of lesion, conductive (affection of the external or medium ear); or sensorineural 

(SNHL) (affection of the inner ear or the neuronal fibres) (Martini et al., 2011).  

Conductive hearing loss affects people of all ages, especially young, and is caused by a 

damage or malformation of the external (pinna or auditory canal) or medium ear (eardrum), 

resulting in a less efficient reception/transmission of vibrations to the inner ear (Mamo et 

al., 2018; Wroblewska-Seniuk et al., 2018). This type of hearing loss could be congenital, 

genetically related or not, and acquired because of a trauma, an ear inflammation (for 

example an otitis), or also an eardrum perforation caused by noise or incorrect use of cotton 

swabs (Sooriyamoorthy and De Jesus, 2021). The treatment of conductive hearing loss is 

usually pharmacological or surgical and the patient is usually able to achieve a good 

recovery of hearing (Wroblewska-Seniuk et al., 2018).  

Sensorineural hearing loss (SNHL), the most common permanent ear disorder affecting 

people worldwide, is characterised by an unsuccessful transduction of sound vibrations into 

neural impulses. It may be caused by damaged inner ear hair cells, or by a dysfunctional 

basilar membrane or cochlear nerve fibres (Wroblewska-Seniuk et al., 2018; Tanna et al., 

2021). The SNHL could be congenital, hereditary or not, or acquired following an acoustic 

trauma (explosions, loud music or sound pollution at work), ototoxicity (induced by 

antibiotics or chemotherapeutic drugs), stroke, age or infections (cytomegalovirus) (Marlow 
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et al., 2000; Isaacson and Vora, 2003). The treatment of SNHL involves the use of different 

types of hearing aids depending on the grade of the disorder. Mild to medium hearing loss 

are treated with endoauricular or retroauricular external prostheses, but the severe or 

profound hearing loss require the use of an implantable prosthesis called "cochlear implant" 

(CI) (Wroblewska-Seniuk et al., 2018).  

 

1.2  Cochlear implant  

Over the years there have been major technological innovations in hearing aids production 

but, as mentioned in a recent study (Haile et al., 2021), over 1,5 billion people currently live 

with hearing problems and about 80% of them still do not have hearing aids or cochlear 

implants. The invention of the cochlear implant (CI) (Fig. 3) is credited to Dr. William F. 

House who implanted the first device between 1960 and 1970, even before obtaining 

approval from the U.S. Food and Drug Administration (FDA) (Eshraghi et al., 2012).   

The CI consist of an external part, a “speech processor” with a microphone and a 

“transmitter” that receives the sound from the environment and transfers it to the internal 

part of the CI. The internal part consists of a “receiver” that converts the sound into an 

Fig.3 Cochlear Implant. From Blausen.com staff, "Medical gallery 

of Blausen Medical 2014". WikiJournal of Medicine 1. 

https://doi.org/10.15347/wjm/2014.010. ISSN 2002-4436. 
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electric stimulus, and an “electrode array” implanted inside the cochlea, which stimulates 

the auditory cochlear nerve (Zeng et al., 2008; NIDCD, 2021).  

The CI is therefore an implantable device that stimulates the cochlear nerve, bypassing 

damaged sensory cells and allowing the brain to receive the auditory stimulus (Astolfi et 

al., 2014). The advantages of using CI are many, as the patient is able to clearly perceive 

sounds coming from the external environment, to hear his/her own voice, to use the mobile 

phone, to hear music and, for young patients, to receive adequate education and language 

development. Alongside these advantages, however, there are many disadvantages due to 

actual surgery, among which the possibility of post-operative infections or changes in the 

sense of equilibrium (Cohen and Hoffman, 1991; Kelsay and Tyler, 1996; Haile et al., 2021). 

There are also possible disadvantages related to the patient’s quality of life, among which 

the impossibility to practice water sports without removing the external part of the implant, 

the necessity of replacing exhausted batteries or undergoing a new surgical operation in 

case of CI malfunction, and, last but not least, the difficulty in hiding the CI external part 

(Cohen and Hoffman, 1991; Kelsay and Tyler, 1996; Haile et al., 2021). For these reasons, 

many researchers are working on innovative cochlear implants around the world. 

 

1.2.1   Innovative cochlear implants 

The development of cochlear implants has made possible extraordinary innovations in the 

rehabilitation of sound perception but, unfortunately, not all implanted patients achieve the 

same results. The current research aim is to develop a “bionic ear” which, by simulating the 

physiological process of hearing, would allow a better sensitivity and quality of hearing in 

the deaf population (Mukherjee et al., 2000; Lenarz, 2018). 

The most serious problems that reduce the success of cochlear implants are the positioning 

of the CI with respect to the modiolus, and the distance between the electrode and the nerve 

fibres, which causes a dispersion of the electric field produced and consequently a reduced 

separation of the electric channels. The strategies currently employed to achieve an optimal 
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positioning of the electrode include the use of devices capable of adapting their shape to the 

tympanic duct of the patient, or the use of artificial intelligence able to perform the surgery 

in a more precise way (Lenarz, 2018). To reduce the electrode/nerve distance, it is necessary 

to obtain the regeneration of auditory nerve fibres, the "dendrites". For this purpose, the 

releasing of neuronal growth factor (NGF) into the cochlear environment may be employed 

to stimulate the elongation of dendrites in the direction of the electrode. The production of 

NGF within the cochlea can be induced by a transplantation of stem cells that, 

differentiating within the cochlear environment, release NGF spontaneously. The 

researchers are presently trying to develop bio-hybrid electrodes that could transport stem 

cells directly inside the tympanic duct, and on nanoengineered CI that could transport 

molecules inside the cochlea using nanoparticles as carriers (Lenarz, 2018).  

The cochlear implant is able to stimulate the cochlear nerve fibres, but the quantity and 

quality of the detected sound is not comparable to that heard by people with normal 

hearing, especially in the presence of noise. Sensitivity is therefore a key parameter in the 

development of new devices, sensitive enough to perceive sounds coming from the external 

environment and to generate a signal suitable to stimulate nerve fibres. Piezoelectric 

materials have peculiar properties that make them able to generate an electrical impulse in 

response to a mechanical stimulation; they are therefore perfectly suitable for use within the 

cochlea as signal transductors, which, by reducing the electrode/nerve distance and 

inducing neuron growth, can stimulate the nerve fibres of people with SNHL (Mukherjee et 

al., 2000).  

 

1.2.2  Piezoelectric materials 

The discovery of piezoelectricity dates back to 1880 and is credited to Paul-Jacques and 

Pierre Curie (Katzir, 2003). By analysing natural crystals, the Curie brothers discovered that 

some of them (such as quartz) had the ability to transform a mechanical input into electrical 

output. Piezoelectric materials have therefore the ability to generate an electrical charge 
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when subjected to mechanical deformation (direct piezoelectric effect) and similarly, to 

undergo a deformation when subjected to an external electric field (inverse piezoelectric 

effect). Some piezoelectric compounds have a permanent polarization and form a subclass 

of compounds called ferroelectrics. A ferroelectric material has the ability to modify its 

surface charge in wet conditions: this characteristic is very important for the development 

of implantable devices because, when immersed in a wet physiological environment, their 

surface charge can be used to modulate adhesion and cellular response (An et al., 2014; 

Tandon et al., 2018). Piezoelectricity is a widely found natural feature in synthetic and non-

synthetic materials, such as polymers and ceramics, and each of these materials has 

peculiarities that make them useful in different fields of research and medical/biological 

applications (Azimi et al., 2020). 

 

1.2.3  Natural piezoelectric materials 

Quartz (SiO2) and Rochelle salt (NaKC4H4O6-4H2O) are the natural piezoelectric compounds 

that have been most widely used by researchers around the world. The Rochelle salt is used 

for the production of transducers, but its use is restricted by susceptibility to humidity and 

high temperature. Quartz, on the other hand, has an internal structure that makes it highly 

stable to thermal changes and is therefore considered the most reliable piezoelectric 

material. Quartz is currently used in the production of accelerometers and biosensor 

transducers, and for pressure measurements (Wilson, 2005; An et al., 2014). 

 

1.2.4  Synthetic piezoelectric materials 

1.2.4.1  Polymers 

New synthetic piezoelectric materials have been recently developed, among which 

polymers, ceramics and crystals, improving piezoelectricity and ferroelectricity, and 

obtaining materials useful in many research fields (Sezer and Koç, 2020). The piezoelectric 
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polymers, with their unique features such as flexibility and solvent resistance, caught the 

attention of researchers that preferred them to ceramics and others compounds. Among 

these polymers, the poly (vinylidene fluoride) (PVDF) and its copolymer poly (vinylidene 

fluoride-co-trifluoroethylene) (PVDF-TrFE) are the most commonly used (He et al., 2021).  

 

1.2.4.2  PVDF 

Poly(vinylidene fluoride) (PVDF) is a semi-crystalline polymer that presents five different 

conformations (α, β, γ, δ, ε). Only three of these are polar and the most used is the β form, 

which gives the PVDF the highest piezoelectric coefficient (Tandon et al., 2018). The PVDF 

can be produced in films, membranes, rods and fibres, and is used in different fields due to 

its properties of transparency, flexibility, biocompatibility and resistance to gamma rays, 

which make it perfect for use in biomedical devices (Tandon et al. 2018; Azimi et al., 2020; 

He et al., 2021). The PVDF is one of the few materials already approved by FDA (Azimi et 

al., 2020). Many studies describe it as an optimal material to induce wound healing 

processes and tissue regeneration, and to stimulate stem cells differentiation (Tandon et al., 

2018; Jeon et al., 2020) as well as migration, adhesion and proliferation of fibroblasts, bone 

and neuronal cells (Lee et al., 2011; Guo et al., 2012; Pärssinen et al., 2015; Li et al., 2019). 

 

1.2.4.3  Ceramics 

The piezoelectric ceramics are synthetic compounds produced by mixing and heating metal 

and non-metal powdered materials. The resulting piezoelectric powders are mixed in the 

desired shape resulting in a ceramic material with casually oriented dipoles.  Finally, the 

process called “poling” is performed, in which a strong electric field is applied to ceramic, 

aligning the dipoles and giving the material a permanent net polarization (An et al. 2014; 

Sunar, 2018). These compounds are widely used thanks to their characteristics, and among 

them there are barium titanate (BaTiO3) and lead titanate (PbTiO3), whose piezoelectricity is 
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higher than that of quartz, and lithium niobate (LiNbO3) and lithium tantalite (LiTaO3), 

insoluble and resistant to high temperatures (An et al., 2014). These materials can be used 

in many applications, among which ceramic filters for electrical wave frequencies, 

piezoelectric actuators, piezoelectric sensors or surface acoustic wave devices (Sōmiya, 2003; 

Wilson, 2005; An et al. 2014). 

Lead zirconate titanate (PZT) is one of the most used piezoelectric ceramics in material 

sciences and engineering. Flexible and chemically inert, it is widely used for sensors, 

capacitors and hydrophones. The major component of PZT is lead (Pb), toxic and volatile at 

high temperature (Panda, 2009), classified by the European Union as a hazardous substance 

of restricted use in electrical and electronic equipment (Directive 2011/65/EU; Alikin et al, 

2017). For these reasons, new lead-free piezoelectric ceramics have been developed, such as 

potassium niobate (KNbO3), BaTiO3 and LiNbO3 which, while maintaining the 

characteristics of lead-based compounds, are non-toxic and can be used in medical devices 

(Sunar, 2018; Panda, 2009). Researchers are also investigating novel manufacturing methods 

to develop lead-free and biocompatible piezoelectric compounds of nanoscale size (Azimi 

et al., 2020). Piezoelectric nanoparticles offer many advantages especially in medical 

applications, because their nano-size allows for non-invasive procedures and for induction 

of positive cell responses, such as cell growth, proliferation and tissue regeneration (Kapat 

et al., 2020). Among the new processes already developed, there is electrospinning, which 

allows the easy construction of piezoelectric nanostructures with specific and modifiable 

parameters. This process is used for the production of polymers and ceramics and, when 

associated with a process called “sol-gel”, allows the production of ceramic nanofibers or 

electrospun composite fibres, polymeric matrices containing nanoceramics that combine the 

properties of piezoelectric polymers with those of nanoceramics.  

This innovation has made it possible to use piezoelectric nanofibers for the production of 

self-powered wearable devices, capable of converting biomechanical actions (heartbeat, 

muscle contractions, etc.) into electrical stimuli; or the production of bioactive scaffolds 
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(“smart scaffold”) useful in tissue engineering to promote tissue regeneration (Azimi et al., 

2020).  

 

1.2.5  Barium titanate 

Barium titanate is an inorganic compound with an excellent dielectric constant and 

piezoelectricity, useful in bioengineering or electronic applications (Serra-Gómez et 

al.,2016). It can be prepared as clear powder or solid crystal (Fig. 4), and synthesized by 

different methods, depending on final desired characteristics and applications. The 

conventional method to produce BaTiO3 is the solid-state reaction between titanium dioxide 

(TiO2) and barium carbonate (BaCO3), but the resulting powder has particles of large size 

and limited electrical properties.  

 

Other synthesizing reactions are the sol-gel and the hydrothermal methods, able to preserve 

all properties of ceramics (Vijatovic et al., 2008).  

The in vitro biocompatibility of BaTiO3 nanoparticles on human neuroblastoma SH-SY5Y 

cell line was analysed for the first time in 2010 (Ciofani et al., 2010a). The same authors 

Fig.4. Barium titanate crystals, from Buscaglia M.T. 2019. 

(https://commons.wikimedia.org/wiki/File:Oxides_particles.jpg) 
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verified that these nanoparticles were cytocompatible and able to enhance the 

internalization and the cytotoxic activity of doxorubicin (Ciofani et al., 2010a). To date, has 

been shown that BaTiO3 is biocompatible for different cell lines (Ball et al., 2014; Ciofani et 

al., 2013; Mota et al., 2017), and is also able to induce the osteogenic process (Jianqing et al., 

1997) and to enhance neurite outgrowth and neural stimulation (Marino et al., 2015). To 

increase its stability in water solution, this type of ceramic has been used in the development 

of biocomposites for innovative medical applications (Serra-Gómez et al., 2016), among 

which biomedicine, cancer therapy (Ciofani et al., 2010a), and nanomedicine for drug 

delivery or tissue engineering (Genchi et al., 2016; Elsayed and Norredin, 2019). It is also 

under study for the production of smart piezoelectric membranes able to induce the 

regeneration of osteoarticular tissues (Vannozzi et al., 2019; Ahmadi et al., 2020).  

 

1.2.6  Lithium niobate 

Lithium niobate is a crystalline solid with trigonal structure, insoluble in water and organic 

compounds (Fig. 5). It is conventionally synthesized by a solid-state reaction between 

lithium carbonate (Li2CO3) and niobium pentoxide (Nb2O5), and has properties useful in 

many applications, such as ferroelectricity, piezoelectricity, pyroelectricity and a high 

electro-optical and photoelastic coefficient (Weis and Gaylord, 1985; Meinan et al., 2006; 

Kamali and Fray, 2014). 

Fig.5. Crystalline structure of Lithium niobate. From Ahellwig, CC 

BY-SA 2.0 DE 

(https://commons.wikimedia.org/wiki/File:Linbo3_Unit_Cell). 
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 Due to its properties, LiNbO3 is widely used in acoustic waves transducers, optical phase 

modulators and memory elements (Weis and Gaylord,1985). Only recently, studies have 

been undertaken on the effects of lithium niobate in a biological environment in order to 

broaden its fields of use (Marchesano et al., 2015). The bioactivity of this ferroelectric 

material was analysed for the first time in 2014 (Vilarinho et al., 2014). Later, other groups 

investigated the biocompatibility and the ability of this crystal to affect cells behaviour. The 

negatively charged surface of lithium niobate was shown to enhance the proliferation and 

adhesion of osteoblasts (Carville et al., 2015) and later other authors showed that this crystal 

regulates the adhesion, proliferation and migration of fibroblasts, depending on the surface 

polarity (Marchesano et al., 2015; Mandracchia et al., 2018). Considering these results and 

the fact that the polarization of the crystal is easily modifiable by applying an external 

electric field, lithium niobate is currently under examination for the development of 

innovative biomaterials for tissue bioengineering and implantable devices, to improve 

tissue regeneration and healing (Marchesano et al., 2015; Mandracchia et al., 2018). 
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1.3 Tympanic membrane 

The tympanic membrane, or “eardrum” (Fig. 6) is a thin translucent membrane with a 

flattened conical shape: it is a rigid but flexible structure with a diameter of 8-10 mm 

(Hawkins, 2020; Szymanski et al., 2021). The eardrum is composed of three layers. The 

external layer consists of squamous connective tissue in continuity with the epidermis that 

lines the external auditory canal. The central layer (“lamina propria”) consists of fibrous 

connective tissue whose circular and radial fibres provide the typical stiffness and tension 

to the tympanic membrane. The inner layer consists of mucous tissue in continuity with the 

mucous epithelium that covers the middle ear cavity (Hawkins, 2020; Szymanski et al., 

2021). 

 

The tympanic membrane closes the external auditory canal and vibrates in response to 

incoming sound waves from the external environment, magnifying their pressure by 18 

times, and transmitting them to the inner ear (Hawkins, 2020; Sundar et al., 2021)  

 

Fig. 6. Middle Ear Anatomy. Modified image from: Bruce Blaus "Medical gallery of 

Blausen Medical 2014". WikiJournal of Medicine 1. 

https://doi.org/10.15347/wjm/2014.010. ISSN 2002-4436 
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Along life, this thin membrane can be damaged or perforated for various events, including 

trauma, barotrauma or exposure to a loud noise (Fig. 7). Damages to the eardrum can also 

be caused by acute or chronic middle ear diseases or by invasive medical procedures such 

as the trans-tympanic electrical stimulation of the cochlea (Bevis et al., 2021; Dolhi and 

Weimer, 2021). 

 

1.3.1  Common procedures to heal a perforated eardrum 

A perforated eardrum usually auto-regenerates itself within 6-12 weeks, but in case of 

serious perforation a surgical intervention may be necessary (Sagiv et al., 2020). The current 

surgical treatments are the myringoplasty and the tympanoplasty (Sagiv et al., 2020; Niazi 

et al., 2021). The myringoplasty is used to heal small central perforations using rice paper 

patches, gel foam or fat. The rice paper patch, the most commonly used material, serves as 

a scaffold to guide the epithelial cells, which should close the perforation by proliferating 

and migrating from the edges to the centre. 

The myringoplasty has a low success rate because the materials used are not flexible or 

transparent, and do not have any anti-infective properties. When myringoplasty is 

unsuccessful or the eardrum perforation is too large, the treatment of choice is 

tympanoplasty (Hong et al., 2013). This intervention requires general anaesthesia and the 

perforated membrane is repaired using an autologous graft (“autograft”) implantation, 

namely scaffold grafting with autologous tissue (Xu et al., 2021). Although with a higher 

Fig. 7. Raptured Eardrum. Modified from myUpchar 2019. 

https://www.myupchar.com/en/disease/ruptured-eardrum.  

https://www.myupchar.com/en/disease/ruptured-eardrum
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success rate than myringoplasty, the outcome of this medical procedure is nevertheless 

suboptimal. Numerous studies are therefore underway to improve therapies to heal 

eardrum perforation, exploiting tissue engineering and innovative strategies to enhance the 

proliferation and migration rate of keratinocytes (Hong et al., 2013; Sagiv et al., 2020; Danti 

et al., 2021). 

 

1.3.2  Innovative strategies to heal a perforated eardrum 

Many researchers are currently evaluating the use of new implantable biomaterials for 

developing innovative patches or scaffolds, including synthetic polymers produced by 

electrospinning or 3D printing techniques for use as tympanic membrane transplants. These 

materials should be able to reproduce the mechanical properties of the tympanic membrane 

and face problems related to durability and the possible appearance of infections (Sagiv et 

al., 2020; Danti et al., 2021). 

Electrospinning is one of the most common method to produce electrospun scaffolds from 

biocompatible polymers. This technique allows the control and regulation of many 

parameters, among which the flow rate or the electric field applied during the process, the 

size of fibres, the temperature, or viscosity of the solutions, in order to obtain an electrospun 

fibrous scaffold that mimics the native tissue. To date, several types of electrospun fibre 

scaffolds have been obtained for use in regenerative medicine, able to reproduce the 

structure of many native tissues including bone, cartilage, skin, or tympanic membrane 

(Danti et al., 2015; Jun et al., 2018). Using biocompatible polymers, the electrospun scaffolds 

not only are non-toxic for the biological environment, but also have been shown to enhance 

proliferation and migration of keratinocytes and mesenchymal stem cells, facilitating the 

tissue healing process (Danti et al., 2015; Chen et al., 2017). 

 

 



19 
 

1.3.3  PEOT/PBT polymers 

Tissue engineering has recently engaged in research into new biomaterials for use in 

medicine, focusing on poly(ether ester)s copolymers based on poly(ethylene glycol) (PEG) 

and poly(butylene terephthalate) (PBT). The PBT is an aromatic polyester with excellent 

mechanical features but relatively stable in physiological conditions: its use is therefore 

limited in recent medical applications that require biodegradability (Deschamps et al., 2004). 

To overcome these limits, copolymers of poly (ethylene oxide-terephthalate) (PEOT/PBT) 

have been developed not only with biodegradability, but also able to reproduce the 

mechanical characteristics of skin, being composed of soft (PEO) and hard (PBT) parts (Xiao 

et al., 1991; Deschamps et al., 2004). 

The copolymers PEOT/PBT have proven to be excellent candidates for use as scaffolds in 

tympanic membrane transplantation, and tissue regeneration and repair. They possess a 

good biodegradability in physiological environments, a good in vitro biocompatibility for 

fibroblasts and keratinocytes (Xiao et al., 1991; Deschamps et al., 2004), a good re-

epithelization by keratinocytes deriving from human tympanic membrane, and a good 

colonization by human mesenchymal stem cells (Danti et al., 2015; 2021). 

 

1.3.4  Chitin 

Unfortunately, the PEOT/PBT biodegradable polymers do not have any anti-inflammatory 

or anti-infective properties: therefore, in case of tympanic membrane transplantation, it is 

necessary to combine them with some other compound able to counteract these clinical 

conditions (Danti et al, 2021). To meet this need, researchers focused their attention on 

chitin. 

Chitin (N-acetylglucosamine), the second most abundant polysaccharide after cellulose, is 

a natural glucose derivative found in exoskeletons of arthropods and in fungi, and is easily 

extractable from food industry waste (Naghdi et al., 2020). Chitin and its deacetylated 



20 
 

derivate chitosan are widely used in biomedical applications due to their biocompatibility, 

biodegradability and antimicrobial properties (Elieh-Ali-Komi and Hamblin, 2016). These 

biopolymers are currently used as supports for drug delivery (Prabaharan, 2008), 

nanoparticles, nanocomposites (Jayakumar et al., 2010; Danti et al., 2021) and scaffolds for 

tissue engineering (Maeda et al., 2008). 

From chitin, it is also possible to prepare nanofibers with submicrometric dimensions, 

which lose their allergenic action and acquire anti-inflammatory effects (Morganti et al., 

2017; Danti et al., 2021). The construction of polymers and scaffolds containing chitin 

nanofibrils (CNs) could be very useful to develop new implantable biodegradable devices 

for reparation of damaged tympanic membrane (Danti et al., 2021). 

 

1.3.5  Drug delivery: Antibiotics  

Until now, the advantages in using biomaterials for construction of new electrospun 

scaffolds and implantable devices for tissue reparation and regeneration were discussed. 

Although these new polymers have a greater biocompatibility and are able to control the 

inflammatory state after the implantation, it is necessary to use molecules that provide 

antibacterial activity. Ear infections are the most common disorders affecting head and neck 

(Yang et al., 2021) and among them the otitis media is one of the common inflammatory 

disease that can causes the tympanic membrane perforation (Massa et al., 2021). The 

pathogens that usually causes ear infections are Gram-positive and Gram-negative bacteria, 

among which the most frequent ones are Pseudomonas sp. Migula 1894 (Pseudomonadales: 

Pseudomonadaceae) and Staphylococcus sp. Rosenbach 1884 (Bacillales: 

Staphylococcaceae)(Wall et al., 2009; Yang et al., 2021). 

Researchers are therefore working to add antibiotics to these scaffolds to achieve a better 

implant outcome by releasing the molecules in situ, with reduction of side effects caused by 

systemic administration of antibiotics (Khorshidi and Karkhaneh, 2018; Günday et al., 2020). 



21 
 

Electrospun biodegradable scaffolds containing antibiotics are widely used in wound 

healing processes where they not only achieve excellent results with a significant reduction 

in the onset of infections, but also reduce the need for medications, increasing patient 

satisfaction and compliance (Hashemikia et al., 2021). Antibiotic agents can be incorporated 

into the electrospun scaffolds during the electrospinning process using different methods, 

for example coaxial electrospinning or emulsion electrospinning, resulting in a scaffold 

embedded with antibiotics. This scaffold releases the antibiotic during the degradation 

process, in a concentration depending on the degradation time of the implant (Günday et 

al., 2020).  

These antibiotic incorporation methods cannot be used in the production of scaffolds for the 

regeneration of tympanic membrane, or cartilage and bone, because in this case a stable 

implant is required for a few months. A new producing method, co-

electrospinning/electrospraying, was recently reported to meet this need. The method adds 

antibiotic-loaded nanoparticles directly to the surface of polymeric scaffolds, using Poly 

(lactic-co-glycolic acid) (PLGA), and Polycaprolactone (PCL) nanoparticles, produced with 

two different methods and loaded with ciprofloxacin. The electrospun scaffolds obtained 

by this innovative method allow a gradual and prolonged dispersion of antibiotic after 

implantation, enhancing the process of tissue healing with a reduction of side effects 

(Günday et al., 2020). 

Several types of antibiotics are currently used in electrospun scaffolds and the most 

common is ciprofloxacin. This drug is a third-generation fluorinated quinolone with wide-

spectrum antibiotic activity against the most common Gram-positive and Gram-negative 

bacterial genera, among which Staphylococcus, Pseudomonas, and Streptococcus sp. Rosenbach 

1884 (Coccacea: Streptococcaceae). Electrospun scaffolds containing ciprofloxacin-loaded 

nanoparticles are an important research tool to obtain quick tissue regeneration avoiding 

infections and other side effects (Campoli-Richards et al., 1988; Hashemikia et al., 2021; Xue 

et al., 2021). 
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1.3.6  PLGA and PCL nanoparticles 

In recent years, progresses have been made in the production of new materials to be used 

as carriers of macromolecules to specific target sites in the human organism. Nanoparticles, 

spherical nanostructures with adjustable features, appear excellent candidates as carriers. 

The main characteristic that nanoparticles must possess in order to be used in drug delivery 

are biocompatibility, biodegradability, and drug-compatibility, because after the 

administration the nanocarriers must release the transported macromolecules to the target 

site, without causing toxicity. 

The ability of polymer nanoparticles to release macromolecules in a controlled way was 

demonstrated for the first time in 1976 (Langer and Folkman, 1976), and these 

nanostructures are currently used in many fields of research, such as cancer therapy, tissue 

engineering and biomedical sciences, to carry antibodies, genes, drugs and vaccines 

(Tabatabaei Mirakabad et al., 2014).  

The PLGA nanoparticles are currently the most widely used material in drug delivery, along 

with PCL. Both are biocompatible and biodegradable polymers, already approved in human 

clinical trials by the FDA and the European Medicines Agency (EMA). Besides drug 

delivery, they are currently used in biomedicine and anticancer therapy to transport 

chemotherapeutics (paclitaxel, cisplatin), insulin, antibiotics (doxorubicin), and antifungals 

(amphotericin) (Kumari et al., 2010; Witt et al., 2019; Günday et al., 2020). 

There are several methods for the production of polymeric nanoparticles. The most common 

are the nanoprecipitation, one-step process often used for the encapsulation of hydrophobic 

drugs; the single-emulsion-solvent evaporation method, involving the oil-in water emulsion 

(o/w) and preferred for encapsulation of insoluble drugs; and the double-emulsion-solvent 

evaporation, involving a water-oil-in water emulsion (w/o/w) and used for encapsulation 

of soluble drugs (Tabatabaei Mirakabad et al., 2014). 

The PLGA and PCL nanoparticles loaded with ciprofloxacin were tested on human 

immortalized keratinocyte (HaCat) and human mesenchymal stem cells, showing that these 
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nanoparticles were biocompatible and enhanced the antibiotic effect of ciprofloxacin. These 

polymeric nanoparticles can therefore be used not only for general drug delivery but, when 

inserted into electrospun scaffolds, they could also reduce oral drug delivery, releasing 

drugs directly in situ (Günday et al., 2020).   

 

1.3.7  MIP and NIP nanoparticles 

Another new strategy currently investigated by researchers in drug delivery is the use of 

molecular imprinting polymers nanoparticles (MIPNP). Molecular imprinting polymers 

(MIPs) are compounds that can efficiently recognize and bind a specific target. During the 

polymerization phase, the chosen molecule or a fragment of it (template) is added to the 

polymer and incorporated into it. Subsequently, the template is removed from the MIP, 

using a specific solvent, leaving a complementary imprint on the polymer. In this way, the 

MIP will be able to specifically bind the molecular target, mimicking the “lock and key” 

process that normally occurs in physiological reactions.  

The MIPs possess many features of synthetic polymers such as resistance to changes in 

temperature, pH and pressure, and have greater selectivity and efficiency than analogous 

polymers prepared without the use of molecular imprinting, the molecularly non-imprinted 

polymers (NIP) (Fresco-Cala et al, 2020). These ligand-selective polymers are usually 

produced as monoliths that are subsequently ground, resulting in small irregular fragments. 

The MIPs prepared with this method are widely used in chromatography or micro-

extractions, but their irregular shape and size and the long manufacturing process limit their 

range of use (Moczko et al., 2013). For these reasons, new production methods have been 

developed to obtain imprinted polymers with nanoscale dimensions (Poma et al., 2010). The 

MIP nanoparticles (MIPNPs) have a higher surface to volume ratio, can be stored for long 

time at room temperature, labelled with fluorescent or magnetic molecules, and are 

homogeneous in size and shape. The MIPNPs have therefore attracted interest in in vitro 

tests as substitutes of enzymes or antibodies (very expensive) for use in diagnostic and 
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therapeutic applications, and in drug delivery (Canfarotta et al., 2018; Refaat et al., 2019; 

Fresco-Cala et al, 2020). 

Some studies described the use of MIPNPs as carrier of insulin or chemotherapy drugs 

(Refaat et al., 2019), and the antitoxin effects of MIPNPs in living mouse with blood 

concentration of melittin, a component of the bee venom (Hoshino et al., 2010). The MIPNPs 

have therefore great potential as multifunctional tool in life science and in vivo applications. 

As research progresses, their use is expected to increase in a wide range of fields (Canfarotta 

et al., 2018; Refaat et al., 2019).  

 

1.3.8  Biocompatibility  

The evaluation of the biocompatibility of materials is fundamental in the pharmacological 

and biomedical fields to verify their cytotoxicity, pathogenic risk and inflammatory 

response. This issue is therefore important even more if the tested materials need to be used 

for the construction of implantable prostheses. The in vitro and in vivo biocompatibility of 

materials could be confirmed using different assays described in the International Standard 

ISO 10993 (Kejlová et al., 2005; Muller, 2008). The in vitro assays are useful to characterize 

and screening the materials that could be safely used in the biological environment, before 

testing them in vivo (Kuete et al., 2017; Hanks et al., 1996).  

One of the most important aspect in the in vitro biocompatibility is the evaluation of the 

impact of compounds on cell viability. In this regard, the most widely used assay is the MTS; 

a colorimetric method that allows the quantification of proliferative and metabolically active 

cells. The 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2- (4-sulfophenyl)-2H-

tetrazolium (MTS), in the presence of phenazine methosulfate (PMS), is reduced by living 

cells to the coloured product formazan, which has a maximum absorbance at 490-500 nm. 

The amount of coloured formazan is proportional to the number of living cells (Cory et al., 

1991; Kuete et al., 2017).  
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Other important aspects to test in vitro biocompatibility are the analyses of apoptotic and 

oxidative stimuli induced by the materials using qualitative and quantitative methods. 

Living cells produce ROS during physiological enzymatic reactions, but an excessive 

amount of them may lead to cell death by apoptosis or necrosis, binding and damaging 

proteins, lipids and nucleic acids (Phaniendra et al., 2015).  

The in vitro biocompatibility assays allow to measure the toxicity of substances with the 

advantages of testing a wide range of concentrations and measuring the effects of prolonged 

exposure over time (Keong and Halim, 2009).   



26 
 

2.  Aim  

The interest in the study of cellular interactions with synthetic materials arises from the need 

to understand which compounds can be used for the construction of implantable devices or 

engineered tissues. The implanted materials that should be exposed to biological 

environments such as blood, proteins and extracellular matrix, may modify and affect 

cellular behaviour (Marchesano et al., 2015; Mandracchia et al., 2018). The evaluation of 

biocompatibility of each compound used in medical applications is therefore very important 

in pharmacology and biomedicine. It is necessary to verify whether the compound may be 

harmful to the organism, release toxic substances or be recognized as external agents, thus 

inducing an inflammatory or immune response (Vilarinho et al., 2014; Pandey et al., 2016). 

The aim of this thesis was to analyse the in vitro biocompatibility and efficacy of new 

nanomaterials and biomaterials for use in the inner and middle ear for functional recovery 

or replacement of damaged tissues and cells. The study first analysed the biocompatibility 

of two types of piezoelectric nanoparticles, lithium niobate and barium titanate, on two 

different cell lines, the OC-k3, inner ear cells deriving from the organ of Corti of 

Immortomouse® (Kalinec et al., 1999), and the PC12, neuron-like cell line deriving from rat 

pheochromocytoma (Greene and Tischler, 1976). These piezoelectric nanoparticles will be 

involved in the development of innovative “self-powered” cochlear implants that will be 

implanted on the basilar membrane and, due to their piezoelectric characteristics, will 

stimulate the cochlear neurons, bypassing the damaged IHCs. The biocompatibility was 

assessed by analysing the cytotoxic, apoptotic, oxidative and neurotoxic stimuli. Later, the 

study analysed the biocompatibility of all materials involved in the production of 

innovative biodegradable scaffolds useful in the tympanic membrane healing process, 

produced using the PEOT/PBT copolymers, containing chitin nanofibrils (CNs), covered by 

different types of ciprofloxacin-loaded nanoparticles. These innovative devices will be 

produced using the PEOT/PBT copolymers as base, and alternating rigid and soft segments 

to obtain the mechanical features of the tympanic membrane. The chitin nanofibrils will be 

used as filler and surface coating of the scaffold, using the electrospinning and the 
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electrospray techniques to allow a gradual in situ dispersion of chitin over time that will 

regulate the inflammatory state and the antibacterial action after the implantation. Finally, 

the tympanic patch will be covered by ciprofloxacin loaded nanoparticles that, by releasing 

the antibiotic directly in situ, will enhance the antibacterial action and reduce the side effects 

related to the systemic administration of ciprofloxacin. This innovative biocompatible 

device aims to facilitate healing process of the tympanic membrane, enhancing the 

proliferation and migration of keratinocytes and reducing the middle ear inflammatory 

state and the incidence infection rates during the wound healing process. The samples tested 

were the poly(ethylene oxide) terephthalate and poly(butylene terephthalate) PEOT/PBT 

copolymers containing different weight ratios of chitin nanofibrils (CNs): Polyethylene 

glycol (PEG) pre-composites; and various type of ciprofloxacin loaded nanoparticles, 

among which the poly (lactic-co-glycolic acid) (PLGA), the polycaprolactone (PCL), and the 

molecularly imprinted (MIPNP) and molecularly non-imprinted (NIPNP) polymeric 

nanoparticles. The in vitro biocompatibility was assessed on the OC-k3 cells, analysing the 

cytotoxicity and the morphological changes induced by all nanomaterials tested.  

The results presented in this thesis will contribute to increase the knowledge on the effects 

of piezoelectric nanoparticles and antibiotic-containing biodegradable polymers, on inner 

ear cells, with the hope of increasing the number of safe compounds useful for developing 

innovative smart devices that could be employed for treatment of disorders affecting the 

human ear. 
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3.  Materials  

3.1  Cell Lines  

3.1.1  OC-k3  

The OC-k3 are an inner ear cell line derived from the organ of Corti of Immortomouse®. 

This cell line shows the characteristics of epithelial cells and expresses molecular markers 

typical of auditory sensorial cells and supporting cells. For these reasons the OC-k3 are a 

perfect model to study the in vitro effects of compounds and materials on the organ of Corti, 

and they are widely used for ototoxicity tests (Kalinec et al., 1999; Astolfi et al., 2015). 

3.1.2   PC12  

This cell line, obtained from Interlab Cell Line Collection (ICLC ATL98004, Genoa, Italy), 

consists in chromaffin cells derived from rat pheochromocytoma that can differentiate into 

neuron-like cells when stimulated with NGF.  

The PC12 cells are widely used as neuronal cell model in neuroscience, thanks to their ability 

to acquire morphological and functional features of sympathetic neurons after NGF 

stimulation (Hu et al., 2018). However, differentiated PC12 cells acquire neuronal features 

and therefore react to drugs or molecules in different way in comparison with 

undifferentiated cells. Differentiated PC12 cells have been reported as more sensitive to 

reactive oxygen species (Sasaki et al., 2001), cyanide (Mills et al., 1996) and zinc (Sánchez-

Martín et al., 2010), but less sensitive to chemotherapeutic drugs (Sakagami et al., 2018). 

There are several methods to obtain differentiated cells, and recently it has been shown that 

the Opti-MEM™ I Reduced Serum Medium could improve and optimize the neuronal 

differentiation of PC12 cells (Hu et al., 2018).  

Once differentiated, these cells stop proliferation, extend neurites and axons, and acquire 

the morphological characteristics of sympathetic neurons. For this reason, they are widely 

used in studies of neurotoxicity, neuroprotection and neuroinflammation (Radio and 

Mundy, 2008; Wiatrak et al., 2020). 
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3.2  Tested materials 

­  Barium titanate (BaTiO3, pm 233.192 g/mol, CAS Number 12047-27-7) nanopowder 

and lithium niobate (LiNbO3, pm 147.846 g/mol, CAS Number 12031-63-9) powder 

were purchased from Sigma-Aldrich (Milan, Italy). Before use, the nanoparticles 

were suspended in sterile filtered 1% gelatine/double distilled water solution, and 

sonicated for 24h in an Elma Transsonic Ultrasonic Bath T 460 (35 kHz) (Elma 

Schmidbauer GmbH, Singen, Germany), to obtain well-dispersed nanoparticle 

suspensions. 

­  Chitin nanofibrils (CNs) (2% solution in water) were obtained by the Department of 

Civil and Industrial Engineering, University of Pisa (Italy).  

­  The poly(ethylene oxide terephthalate)/poly(butylene terephthalate) (PEOT/PBT) 

copolymers loaded with CNs/polyethylene glycol (PEG) pre-composite at different  

(w/w %) weight ratios (50/50; 65/35; 70/30; 75/25), were prepared by the 

4NanoEARDRM research group.  

­  The poly (lactic-co-glycolic acid) (PLGA) or polycaprolactone (PCL) nanoparticles 

loaded with ciprofloxacin were obtained from MJR PharmJet GmgH, (Uberherrn, 

Germany).  

­  The ciprofloxacin-loaded molecularly imprinted polymer nanoparticles (MIPNP) 

and ciprofloxacin-loaded molecularly non-imprinted polymer nanoparticles 

(NIPNP) nanoparticles were obtained from the Department of Biomedical 

Engineering Bioinspired Functional Polymers and Nanomaterials Laboratory, AREL 

University (Istanbul, Turkey). All nanoparticles were resuspended in sterile 

phosphate-buffered saline (PBS, Sigma Aldrich) 1X.   
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4.  Methods  

4.1  Cell cultures  

The OC-k3 cells were grown in presence of 10% CO2 at 33°C in complete medium: 

Dulbecco’s Modified Eagle Medium (DMEM) High Glucose (Euroclone, Pero, Milan, Italy) 

supplemented with fetal bovine serum (FBS) 10%(Euroclone), L-Glutamine 2mM (Biowest, 

Nuaillé, France), penicillin/streptomycin (Pen/Strep) 1% (Sigma-Aldrich) and interferon-γ 

50 U/ml (IFN, Genzyme, Cambridge, Massachusetts, U.S.A.). 

The PC12 cells were grown in the presence of 5% CO2 at 37°C in complete medium: Roswell 

Park Memorial Institute (RPMI) medium (Euroclone) supplemented with horse serum (HS) 

10% (Carlo Erba, Milan, Italy), FBS 5%, L-glutamine 2mM, Pen/Strep 1%. Before treatment, 

in order to obtain the neuron-like cell line, the PC12 cells were plated and cultured for 6 

days in differentiating medium: Opti-MEM™ I Reduced Serum Medium (ThermoFisher 

Scientific, Waltham, Massachusetts, U.S.A.), supplemented with FBS 0.5%, Pen/Strep 1% 

and NGF (Sigma-Aldrich)50 ng/ml. The differentiation medium was replaced with fresh 

one every 2 days. 

 

4.2 Treatments  

­  Piezoelectric nanoparticles 

Before treatments, the BaTiO3 and LiNbO3 nanoparticles suspensions were sonicated for 90 

min in Elma Transsonic Ultrasonic Bath T 460 (35 kHz) and resuspended in fresh medium. 

The concentrations initially tested were from 0.1 to 1000 nM, and then three concentrations 

of the range were chosen (5.8, 100 and 500 nM).  

The OC-k3 cells were treated with BaTiO3 and LiNbO3 nanoparticles resuspended in 

complete medium, 24h after seeding. The PC12 cells, instead, were treated with BaTiO3 and 

LiNbO3 nanoparticles resuspended in differentiation medium on the first day after 

differentiation.  
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For both cell lines, the tests were performed 24, 48 and 72 h after treatments. Samples of 

untreated cells were used as negative control (NT). The anticancer drug cis-

diamminedichloroplatinum (II) (cisplatin) was used as positive control. For OC-K3 cells, 

only one concentration of cisplatin was used (13 µM), while for PC12 cells two 

concentrations (13 and 25 µM) were used.  

­  Chitin nanofibrils 

The OC-k3 cells were treated with three different concentrations of chitin nanofibrils 

solution 2% in water (5, 10 and 20 µg/ml) diluted in complete medium. The results were 

evaluated 24 and 48h after treatment.  

 

­  PEOT/PBT  

Before treatment, the copolymers of poly(ethylene oxide terephthalate)/poly(butylene 

terephthalate) (PEOT/PBT) loaded with CNs/PEG pre-composite at different (w/w %) 

weight ratios (50/50; 65/35; 70/30; 75/25) were sterilized with absolute ethanol (EtOH) (Carlo 

Erba), washed with PBS 1X and incubated with FBS for 30 minutes. 

­  PLGA/PCL nanoparticles 

The tested nanoparticles (stock solutions stored at room temperature) were the following:  

­  PLGA nanoparticles loaded with 200µg/ml ciprofloxacin, prepared by the 

nanoprecipitation method (PLGA-Cipro);  

­  PLGA nanoparticles without ciprofloxacin, prepared by nanoprecipitation method 

(Blank PLGA);  

­  PCL nanoparticles loaded with 200µg/ml ciprofloxacin (PCL-Cipro);  

­  PCL nanoparticles without ciprofloxacin (Blank PCL); 

­  PLGA nanoparticles loaded with 200µg/ml ciprofloxacin, prepared by the water-oil-

in water emulsion (w/o/w) method (PLGA-Cipro w/o/w);  
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­  PLGA nanoparticles without ciprofloxacin, prepared by the w/o/w method (Blank 

PLGA w/o/w).  

The OC-k3 cells were treated with the above samples at different dilutions, obtained from 

200 µg/ml stock solutions. The dilutions were 1:5, 1:10, 1:40, 1:100, 1:1000, and 1:10000, 

respectively resulting in concentrations 40, 20, 5, 2, 0.2 and 0.02 µg/ml. The tests were 

performed at 24 and 48h after treatment.  

 

­  MIP and NIP nanoparticles 

The tested nanoparticles (stock solutions stored at room temperature) were the following: 

­  MIPNP_Cipro (molecularly imprinted polymer nanoparticles loaded with 

ciprofloxacin); 

­  NIPNP_Cipro (molecularly non-imprinted polymer nanoparticles loaded with 

ciprofloxacin); 

­  Blank MIPNP (molecularly imprinted polymer nanoparticles); 

­  Blank NIPNP (molecularly non-imprinted polymer nanoparticles); 

­  Ciprofloxacin powder.  

Before treatment, the samples were resuspended in sterile PBS 1X at concentration of 200 

µg/ml. The OC-k3 cells were treated with the above samples diluted in culture medium up 

to 40, 20 and 2 µg/ml for 24 and 48h.  

 

4.3  Cell viability assay  

Cell viability was measured by CellTiter 96® Aqueous MTS Reagent Powder (Promega, 

Milan, Italy) according to the manufacturer’s suggestions. The reagents used in this method 

were the tetrazolium compound (3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) and phenazine 
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metasulphate (PMS). The OC-k3 cells were seeded 7000 cells/well in 96-well plates with 100 

µl of complete medium; the next day the cells were treated with BaTiO3 and LiNbO3 

nanoparticles or chitin nanofibers, and PLGA, PCL, MIPNP and NIPNP nanoparticles, as 

previously described. 

The PC12 cells were seeded 5000 cells/well in 6-well plates with 2 ml of complete medium 

and then induced to differentiate. Once differentiated, the cells were treated with BaTiO3 

and LiNbO3 nanoparticles as previously described.  

At the end of each time interval, a mixture of MTS and PMS 20:1 was added to each well, 

containing fresh medium. The plates were incubated for 3 h at 37 °C. Absorbance was 

measured at 490 nm with Mithras LB 940 Multimode Microplate Reader (Berthold 

Technologies GmbH, Bad Wildbad, Germany).  
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4.4  Cell viability by direct method 

In the direct cell viability test (Fig. 8), the PEOT/PBT copolymers loaded with CNs/PEG at 

different (w/w %) ratios, after sterilization and preparation as previously described, were 

positioned at the bottom of the 96-well plates and 105 OC-k3 cells were seeded directly on 

the surface of samples. The plates were left in incubator for 24 and 48h. At the end of each 

time interval, a mixture of MTS and PMS at 20:1 ratio was added to each well, containing 

fresh medium. The plates were incubated for 3 h at 37 °C. Absorbance was measured at 490 

nm with the Mithras LB 940 Multimode Microplate Reader (Berthold Technologies GmbH).  

 

4.5  Cell viability by indirect method  

In the indirect cell viability test (Fig. 9), the PEOT/PBT copolymers loaded with CNs/PEG at 

different (w/w %) ratio, after sterilization and preparation as previously described, were 

positioned at the bottom of the 24 well plates and immersed in culture medium for 24h. The 

following day, the media where the material was immersed (conditioned media) were used 

to treat 105 OC-k3 cells seeded in 24 well plates for 24 and 48h. At the end of each time 

interval, a mixture of MTS and PMS at 20:1 ratio was added to each well, containing fresh 

medium. The plates were incubated for 3 h at 37 °C. Absorbance was measured at 490 nm 

with Mithras LB 940 Multimode Microplate Reader. 

Fig. 8. Scheme of the cell viability test performed by the 

direct method in a well of a 96 well plate. 
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4.6  Cell morphology  

The morphological features of cell cytoskeleton and nuclei were evaluated using phalloidin 

– tetramethylrhodamine (TRITC) /4′, 6-diamidino-2-phenylindole (DAPI) staining. The OC-

k3 and the PC12 cells were seeded on glass slides, and cultured and treated as previously 

described with BaTiO3, LiNbO3, PLGA, PCL, MIPNP and NIPNP nanoparticles as 

previously described. At the end of each treatment, the cells grown on slides were fixed 

with Shandon™ Glyo-Fixx™ (ThermoFisher Scientific) for 30 minutes, washed 3 times in 

Phosphate Buffered Saline (PBS) (Sigma-Aldrich) 1X and stained for 2 h in the dark with 

phalloidin – TRITC 1 μg/ml (Sigma-Aldrich). After two washes in PBS 1X, the cells were 

stained with DAPI 1 μM (Sigma-Aldrich) for 5 min in the dark. Finally, after two washes 

with PBS 1X, the slides were mounted with 20% glycerol (Carlo Erba) and observed under 

the optical fluorescence microscope Nikon Eclipse TE2000-U (Nikon, Milan, Italy). The 

images were acquired using 40X magnification with the NIS element software (Nikon).  

Fig. 9. Scheme of the cell viability test performed by the 

indirect method in a well of a 96 well plate. 
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4.7  Cytochrome c expression  

The OC-k3 and PC12 cells were seeded on glass slides, and cultured and treated with BaTiO3 

and LiNbO3 nanoparticles, as previously described. At the end of each time interval the cells 

were fixed in Shandon™ Glyo-Fixx™ (ThermoFisher Scientific) for 30 minutes, washed 3 

times in PBS 1X, incubated 30 min at 37°C with rabbit serum (Sigma-Aldrich) in PBS 1X and 

incubated overnight at 4°C with anti-cytochrome c primary antibody sc13560 (Santa Cruz 

Biotechnology, Dallas, Texas, U.S.A.). The following day the samples were washed twice 

with PBS 1X and incubated 1h in the dark with a TRITC-conjugated secondary antibody 

(Sigma Aldrich). After washing with PBS 1X, the cell nuclei were stained in blue by DAPI 

and the slides were mounted as previously described. The images were acquired using 40X 

magnification with the NIS element software (Nikon). 

 

4.8  ROS production  

Cellular levels of reactive oxygen species (ROS) were measured using the H2DCFDA assay 

(Sigma- Aldrich). The 2′-7′-dichlorodihydrofluorescein diacetate (H2DCFDA) is 

deacetylated in living cells to 2’, 7’- dichlorodihydrofluorescein (H2DCF) whose oxidation 

by ROS produces the fluorescent 2’, 7’-dichlorofluorescein (DCF). The fluorescence 

generated is proportional to the amount of H2DCF oxidized to DCF (Jakubowski and 

Bartosz, 2000). The OC-k3 and PC12 cells were seeded in 96-well plates, and cultured and 

treated with BaTiO3 and LiNbO3 nanoparticles, as previously described. At the end of each 

time interval, the cells were treated with H2DCFDA 10 µM for 30 min at 37°C in the dark. 

After washing with PBS 1X, the fluorescence produced was measured at 485 nm excitation 

and 540 nm emission with Mithras LB 940 Multimode Microplate Reader (Berthold 

Technologies GmbH).  
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4.9  Western blot  

The Western blot technique was used to evaluate the expression of apoptotic proteins in 

OC-k3 and PC12 cells treated with BaTiO3 and LiNbO3 nanoparticles. The cells were seeded 

on 25-cm2 flask, and cultured and treated as previously described. At the end of each time 

interval, the cells were harvested and the pellet was collected in a plastic tube. Total proteins 

were extracted from cells using radioimmunoprecipitation assay RIPA buffer (NaCl 150 

mM, NP40 1%, sodium deoxycholate 0.5 %, sodium dodecyl sulfate SDS 0.1%, Tris/HCL, 

pH 8 50mM and protease inhibitors) and quantified with the Pierce™ BCA Protein Assay 

Kit (ThermoFisher Scientific). The total proteins were then separated on 12% 

polyacrylamide gel and transferred on 0.2 µM polyvinylidene difluoride (PVDF) transfer 

membrane (ThermoFisher Scientific) using Semi-dry Transfer (Euroclone). 

The primary antibodies were diluted with 5% (w/v) milk in TBST buffer (Tris base 200mM, 

NaCl 1.5 M, pH 7.6, Tween-20 0.1 % (v/v)) or with 5 % (w/v) bovine serum albumin (BSA) 

in PBST buffer (PBS 1X, Tween-20 0.1% (v/v)). The membranes were incubated overnight at 

4°C with primary antibodies, according to manufacturer’s instructions (Table 1). The 

membranes were then incubated with the recommended dilution of horseradish peroxidase 

(HRP)-conjugated secondary antibody (Table 2) diluted in 5% (w/v) milk in TBST at room 

temperature for 1 h. 

 

Table 1. Primary antibodies used for Western blot. 

Antibody 
Host 

species 

Molecular 

weight 

Catalogue 

number 
Company 

Caspase 3 Rabbit 
32 – 17 

kDa 
GTX110543 

Genetex (Irvine, 

California, USA) 

Poly (ADP-ribose) 

polymerase (PARP) 
Rabbit 

116 – 89 

kDa 
GTX100573 Genetex 
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Gliceraldeide-3-

phosphate 

dehydrogenase 

(GAPDH) 

Mouse 37 kDa sc32233 

Santa Cruz 

Biotechnology 

(Dallas, Texas, 

USA) 

 

Table 2. Secondary antibodies used for Western blot. 

Antibody Host species Dilution 
Catalogue 

number 
Company 

Anti-mouse 

peroxidase 
goat 1:5000 A4416 Sigma Aldrich 

Anti-rabbit 

peroxidase 
goat 1:2000 A6154 Sigma Aldrich 

 

4.10  Neurite outgrowth  

The PC12 cells were seeded at 5000 cells/well in 6-well plates, differentiated and treated 

with BaTiO3 and LiNbO3 nanoparticles as previously described. At the end of each time 

interval fifteen different fields of view for treatment were acquired at 10X magnification, 

with Nikon Eclipse (TE2000-U, Nikon). The images were analysed using the ImageJ 

software (https://imagej.nih.gov/ij/). The parameters measured (Fig. 10) were the following: 

- the differentiation grade, obtained by the ratio between number of cells with neurites 

and the total cell number; 

- the number of neurites per cell; 

- the average length of neurites, obtained by the ratio between the total neurite length 

and the number of cells with neurites; 

https://imagej.nih.gov/ij/
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- the number of branch points, obtained by the ratio between the number of branch 

points and the number of neurites per cell. 

 

4.11  Statistical analyses  

Each test was performed at least three times in triplicate. One-way analysis of variance 

(ANOVA) or Kruskal-Wallis were used to assess the differences between multiple groups, 

followed by Student’s t test or Mann-Whitney test. The P-value (p) <0.05 was considered 

statistically significant. All analyses were performed using the software GraphPad Prism 

8.0.1. (https://www.graphpad.com/). 

 

 

 

 

Fig. 10. Schematic representation of the parameters measured on 

the PC12 cell line to analyse the neuronal outgrowth. 

https://www.graphpad.com/
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5.  Results  

5.1  Effect of piezoelectric nanoparticles on OC-k3 cells  

To verify the biocompatibility of barium titanate (BaTiO3) and lithium niobate (LiNbO3) 

nanoparticles, the viability of treated inner ear cells deriving from the organ of Corti of 

Immortomouse® (OC-k3 cells) was analysed with the MTS assay.  

The OC-k3 cells were treated with BaTiO3 and LiNbO3 nanoparticles at different 

concentrations, from 0.1 to 1000 nM. The results showed that the treatment with BaTiO3 

significantly reduced cell viability at concentrations 1 and 500 nM after 24h and at 1000 nM 

after 24 and 48h. The treatment at concentration 1 nM significantly increased cell viability 

at 48h post treatment. The cell viability was not affected by the treatment with BaTiO3 at all 

other concentrations tested. These results suggest that, although BaTiO3 initially altered 

cellular activity, the OC-k3 cells were able to recover their physiological activity after 72h 

(Fig. 11). 

 

 

Fig. 11. MTS assay on OC-k3 cells treated for 24, 48 and 72h with BaTiO3 

nanoparticles. Cell viability was expressed as mean value percent ± 

standard error of mean (SEM) vs. untreated cells (NT). Asterisks indicate 

significant differences in comparison to NT, with* = p<0.05; ** = p<0.01. 
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On the other hand, the treatment with LiNbO3 did not affect OC-k3 cell viability at all 

concentrations and times tested (Fig. 12). 

 

 

 

To evaluate the effect of piezoelectric nanoparticles on the morphology of cytoskeleton and 

nuclei of OC-k3 cells, a morphological analysis was performed using the phalloidin-DAPI 

staining.  

The OC-k3 cells were treated with BaTiO3 and LiNbO3 nanoparticles at concentrations 5.8, 

100 and 500 nM (Fig. 13, a-u). The results showed that the treatment with BaTiO3 (Fig.13, d-

l) and LiNbO3 (Fig. 13, m-u), did not induce any morphological changes in OC-k3 cells at all 

concentrations and times tested. 

Fig. 12. MTS assay on OC-k3 cells treated for 24, 48 and 72h with LiNbO3 

nanoparticles. Cell viability was expressed as mean value percent ± SEM vs. 

untreated cells (NT). 
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The actin filaments of the cytoskeleton appeared well extended, and the nuclei were round 

without signs of piknosis. 

Fig. 13 Immunocytochemical analysis of OC-k3 cells (a-x) treated with BaTiO3 (d-l) and LiNbO3 (m-u) for 24, 

48 and 72h at concentrations 5.8, 100 and 500 nM. Cells treated with Cisplatin 13µM (v-x) were used as 

positive control of apoptosis. Cytochrome c primary antibody was stained in red by (TRITC)-conjugated 

secondary antibody. The cell nuclei were stained in blue by DAPI. Arrows indicate apoptotic cells. Merged 

images captured at 40X magnification, scale bar 100 µm. 
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The distribution of cytochrome c within the cells was then evaluated using the 

immunocytochemical analysis (Fig. 14, a-x). Cells treated with cisplatin 13 µM were used as 

positive control (Fig. 14, v-x). The results showed that the treatment with BaTiO3 (Fig. 14, d-

l) and LiNbO3 (Fig. 14, m-u) did not affect the distribution of cytochrome c within the cells.  

Fig. 14. Morphological analysis of OC-k3 cells (a-u) treated with BaTiO3 (d-l) and LiNbO3 (m-u) for 24, 

48 and 72h at concentrations of 5.8, 100 and 500 nM. Phalloidin-TRITC (red) stains the actin filaments 

of the cytoskeleton; DAPI (blue) stains the A-T rich regions of nuclear DNA.  NT, untreated control. 

Merged images captured at 40X magnification, scale bar 100 µm. 
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The cisplatin treated samples (positive control) showed a widespread distribution of 

cytochrome c staining, a reduction of cell volume and nuclear alterations (Fig. 14, v-x). 

Therefore, BaTiO3 and LiNbO3 did not induce apoptotic stimuli in OC-k3 cells at all times 

and doses tested.  

Subsequently, the amount of reactive oxygen species (ROS) produced in OC-k3 cells treated 

with the piezoelectric nanoparticles was analysed. The 2’-7’-dichlorodihydrofluorescein 

diacetate (DCFDA) assay was performed to evaluate ROS production by measuring the 

fluorescence of oxidized 2’, 7’- dichlorodihydrofluorescein (DCF) proportional to the 

amount of ROS produced by cells.  

Fig. 15. DCFDA assay on OC-k3 cells treated with BaTiO3 for 24, 48 and 72h at 

concentrations 5.8, 100 and 500 nM. The ROS production was expressed as mean 

value percent ± SEM vs untreated cells (NT). 

Fig. 16. DCFDA assay on OC-k3 cells treated with LiNbO3 for 24, 48 and 72h at 

concentrations 5.8, 100 and 500 nM. The ROS production was expressed as mean 

value percent ± SEM vs untreated cells (NT). 
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The results showed that the treatment with BaTiO3 (Fig. 15) and LiNbO3 (Fig. 16) 

nanoparticles did not induce any significant changes in ROS production at all treatment 

conditions in comparison with untreated cells.  

After that, the variations of the early apoptosis markers caspase 3 and Poly (ADP-ribose) 

polymerase (PARP) were analysed in OC-k3 calls by Western blot to verify whether the 

treatment with BaTiO3 and LiNbO3 nanoparticles could induce apoptotic stimuli. Cells 

treated with cisplatin 25 µM for 24h were used as positive control.  

 

 

Fig. 17. Western blot and densitometric quantification of the apoptotic protein caspase 3 expressed 

on OC-k3 cells treated with BaTiO3 and LiNbO3 nanoparticles for 24, 48 and 72h at concentrations 

5.8, 100 and 500 nM. Gliceraldeide-3-phosphate dehydrogenase (GAPDH) was used as 

housekeeping protein. Cisplatin 25 µM was used as positive control (+). All primary antibodies 

were diluted 1:1000. The densitometric analysis was performed with ImageJ and the results were 

expressed as mean value percent ± SEM vs. untreated cells (NT). 
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The results showed that the treatment with both piezoelectric nanoparticles did not induce 

significant changes on the expression of caspase 3 (Fig. 17) and PARP (Fig. 18) in OC-k3 cells 

compared with untreated cells. In addition, the cleaved forms of caspase 3 and PARP were 

not found in any of the samples tested, except in the positive control. These results show 

that BaTiO3 and LiNbO3 nanoparticles do not induce apoptotic stimuli on OC-k3 cells. 

 

 

 

 

 

 

Fig. 18. Western blot and densitometric quantification of the apoptotic protein poly(ADP-ribose) 

polymerase (PARP) expressed on OC-k3 cells treated with BaTiO3 and LiNbO3 nanoparticles for 

24, 48 and 72h at concentrations  5.8, 100 and 500 nM. Gliceraldeide-3-phosphate dehydrogenase 

(GAPDH) was used as housekeeping protein. Cisplatin 25 µM was used as positive control (+). All 

primary antibodies were diluted 1:1000. The densitometric analysis was performed with ImageJ 

and the results were expressed as mean value percent ± SEM vs. untreated cells (NT). 
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5.2  Effect of piezoelectric nanoparticles on PC12 cells 

The same analyses performed on OC-k3 cells to verify the biocompatibility of BaTiO3 and 

LiNbO3 nanoparticles were repeated on differentiated PC12 cells, a neuron-like cell line 

deriving from rat pheochromocytoma, in order to analyse the effect of these piezoelectric 

nanoparticles on neuronal cells.  

The effects of BaTiO3 and LiNbO3 on the viability of PC12 cells were therefore investigated 

using the MTS assay. Before the treatment, the PC12 cells were differentiated using the Opti-

MEM™ differentiating medium, as described in Materials and Methods. The effects of 

piezoelectric nanoparticles on PC12 cells were also compared with those of exposure to 

cisplatin, chemotherapeutic drug known to induce ototoxicity and neurotoxicity (Santos et 

al., 2020). The results showed that the treatment with BaTiO3 significantly increased cell 

viability at concentrations of 5.8 nM after 24h, 500 nM after 24 and 72h, and 100 nM at all 

times tested (Fig. 19). 

 

 

Fig. 19. MTS assay on Opti-MEM differentiated PC12 cells, treated for 24, 48 and 72h with 

BaTiO3 nanoparticles at concentrations 5.8, 100 and 500 nM. Cells treated with cisplatin (Cpt) 

13 µM for 24, 48 and 72h and 25 µM for 24h were used as positive control. Cell viability was 

expressed as mean value percent ± SEM vs. untreated cells (NT). Asterisks indicate significant 

differences in comparison to NT. *= p<0.05; ** = p<0.01; *** = p<0.001. 
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Similarly, the treatment with LiNbO3 significantly increased cell viability after 24h at all 

concentrations tested (Fig. 20). The same effects were observed after 48 and 72h at the 

highest concentrations tested. On the contrary, the treatment with cisplatin at concentration 

13µM and 25 µM significantly decreased PC12 cell viability at all times tested. 

 

 

The morphological changes induced by BaTiO3 and LiNbO3 on differentiated PC12 cells 

were subsequently investigated using the phalloidin-DAPI staining. Cells treated with 

cisplatin 13 µM were used as positive control (Fig. 21, a-u). The results showed that the 

treatment with BaTiO3 (Fig. 21, d-l) and LiNbO3 (Fig. 21, m-u) nanoparticles did not induce 

any morphological changes in PC12 cells at all concentrations and times tested.  

The actin filaments of the cytoskeleton appeared well extended, and the nuclei were round 

without signs of piknosis. On the contrary, the treatment with cisplatin induced neurotoxic 

effects on PC12 cells, namely a reduction of the average size of cytoskeletal elements, cell 

shrinkage, multinucleated cells and fragmentation of nuclei (Fig. 21, v-x) 

Fig. 20. MTS assay on Opti-MEM differentiated PC12 cells, treated for 24, 48 and 72h with 

LiNbO3 nanoparticles at concentrations 5.8, 100 and 500 nM. Cells treated with cisplatin (Cpt) 

13 µM for 24, 48 and 72h and 25 µM for 24h were used as positive control. Cell viability was 

expressed as mean value percent ± SEM vs. untreated cells (NT). Asterisks indicate significant 

differences in comparison to NT. *= p<0.05; *** = p<0.001. 
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. 

Fig. 21. Morphological analysis of Opti-MEM differentiated PC12 cells (a-x) treated with BaTiO3 (d-l) 

and LiNbO3 (m-u) for 24, 48 and 72h at concentrations 5.8, 100 and 500 nM. Cells treated with 

cisplatin 13µM (v-x) were used as positive control of neurotoxicity. Phalloidin-TRITC (red) stains the 

actin filaments of the cytoskeleton; DAPI (blue) stains the A-T rich regions of nuclear DNA. Merged 

images captured at 40X magnification, scale bar 100 µm. 
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Subsequently, the distribution of cytochrome c in treated PC12 cells was evaluated using 

the immunocytochemical analysis. The cells were differentiated and treated with BaTiO3 

and LiNbO3 as described in Materials and Methods. Cisplatin 13 µM was used as positive 

control of apoptosis (Fig. 22, a-x). The results showed that the treatment with BaTiO3 (Fig. 

22, d-l) and LiNbO3 (Fig. 22, m-u) did not induce any change in cytochrome c distribution 

within the cells. On the contrary, the cisplatin treated cells showed signs of apoptosis (Fig. 

22, v-x), namely diffuse cytochrome staining, cell volume reduction and nuclear 

malformations. 
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Fig. 22. Immunocytochemical analysis of differentiated PC12 cells (a-x) treated with 

BaTiO3 (d-l) and LiNbO3 (m-u) for 24, 48 and 72h at concentrations 5.8, 100 and 500 nM. 

Cells treated with cisplatin 13µM (v-x) were used as positive control of apoptosis. 

Cytochrome c primary antibody was stained in red by (TRITC)-conjugated secondary 

antibody. The cell nuclei were stained in blue by DAPI. Arrows indicate apoptotic cells. 

Merged images captured at 40X magnification, scale bar 100 µm. 



52 
 

The quantity of ROS produced in differentiated PC12 cells treated with the piezoelectric 

nanoparticles was analysed by the DCFDA assay measuring the fluorescence of oxidized 

DCF, which is proportional to the amount of ROS produced by cells. The PC12 cells were 

differentiated and treated with nanoparticles as described in Materials and Methods. Cells 

treated with cisplatin 25 µM for 24h were used as positive control.  

 

Fig. 23. DCFDA assay on differentiated PC12 cells treated with BaTiO3 for 24, 48 and 

72h at concentrations 5.8, 100 and 500 nM. Cells treated with cisplatin 25 µM for 24h 

were used as positive control. The ROS production was expressed as mean value 

percent ± SEM vs untreated cells (NT). Asterisks indicate significant differences in 

comparison to NT, with *** = p<0.001. 

 

Fig. 24. DCFDA assay on differentiated PC12 cells treated with LiNbO3 for 24, 48 and 

72h at concentrations 5.8, 100 and 500 nM. Cells treated with cisplatin 25 µM for 24h 

were used as positive control. The ROS production was expressed as mean value 

percent ± SEM vs untreated cells (NT). Asterisks indicate significant differences in 

comparison to NT, with * = p<0.05; *** = p<0.001. 
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The results showed that the treatment with BaTiO3 (Fig. 23) and LiNbO3 (Fig. 24) did not 

induce any change in the amount of ROS produced by PC12 in comparison with untreated 

cells. On the contrary, the treatment with cisplatin significantly increased the amount of 

ROS produced by PC12 cells.  

The variations on the expression of caspase 3 and PARP in differentiated PC12 cells were 

analysed by Western blot, to verify whether the treatment with BaTiO3 and LiNbO3 

nanoparticles could induce apoptotic stimuli. Cells treated with cisplatin 25 µM for 24h 

were used as positive control.  

 

 

 

Fig. 25. Western blot and densitometric quantification of the apoptotic protein caspase 3, expressed on 

PC12 cells treated with BaTiO3 and LiNbO3 nanoparticles for 24, 48 and 72h at concentrations 5.8, 100 and 

500 nM. Gliceraldeide-3-phosphate dehydrogenase (GAPDH) was used as housekeeping protein. Cisplatin 

25 µM was used as positive control of apoptosis (+). All primary antibodies were diluted 1:1000. The 

densitometric analysis was performed with ImageJ and the results were expressed as mean value percent 

± SEM vs. untreated cells (NT). 
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The results showed that the treatment with BaTiO3 and LiNbO3 did not induce significant 

changes on the expression of caspase 3 (Fig. 25) and PARP (Fig. 26) in differentiated PC12 

cells in comparison with control cells. In addition, the cleaved forms of caspase 3 and PARP 

were absent in all samples tested except in the positive control. These results suggested that 

BaTiO3 and LiNbO3 nanoparticles did not induce apoptotic stimuli on neuronal cells. 

Finally, to evaluate the neuromodulatory effect of BaTiO3 and LiNbO3 nanoparticles, the 

neurite outgrowth produced by PC12 cells was analysed, measuring the differentiation 

grade, the number of neurites per cell, the average length of neurites and the number of 

branch points. After differentiation, the PC12 cells were treated with the piezoelectric 

nanoparticles and, after the incubation times, thirty fields per treatment were acquired and 

analysed using the ImageJ software. Cells treated with cisplatin 13 µM for 24, 48 and 72h 

were used as positive control of neurotoxicity (Fig. 27). 

Fig. 26. Western blot and densitometric quantification of the apoptotic protein poly(ADP-ribose) 

polymerase (PARP), expressed on PC12 cells treated with BaTiO3 and LiNbO3 nanoparticles for 24, 48 and 

72h at concentrations 5.8, 100 and 500 nM. Gliceraldeide-3-phosphate dehydrogenase (GAPDH) was used 

as housekeeping protein. Cisplatin 25 µM was used as positive control of apoptosis (+). All primary 

antibodies were diluted 1:1000. The densitometric analysis was performed with ImageJ and the results 

were expressed as mean value percent ± SEM vs. untreated cells (NT). 
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Fig.27. Analysis of neuronal outgrowth produced by differentiated PC12 cells treated with BaTiO3 

or LiNbO3 for 24, 48, and 72h at concentrations 5.8, 100 and 500 nM. Cells treated with cisplatin 

were used as positive control (Cpt). After incubation, thirty fields per treatment were acquired at 

magnification 10X and analysed measuring the differentiation grade (a), the number of neurites 

per cells (b), the average length of neurites (c) and the number of branch points (d). The data were 

expressed as mean value percent ± SEM vs. untreated cells (NT). Asterisks indicate significant 

differences in comparison to NT, with* = p<0.05, ** = p<0.01, *** = p<0.001. 
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The summary of the results was the following: 

­  Differentiation grade (Fig. 27a): the treatment with BaTiO3 and LiNbO3 did not induce 

significant changes on the differentiation grade of PC12 cells at all time and doses 

tested. On the contrary, the treatment with cisplatin (positive control), significantly 

reduced the percentage of differentiated cells starting from 24h post treatment. 

­  Number of neurites per cell (Fig.27b): the treatment with BaTiO3 and LiNbO3 did not 

alter the number of neurites per cell at all time and doses tested. However, the 

treatment with cisplatin significantly reduced this number starting from 48h post 

treatment. 

­  Average length of neurites (Fig.27c): the treatment with BaTiO3 at concentrations 5.8 

nM after 24h and 100 nM after 48h significantly increased the average length of 

neurites. The treatment with LiNbO3 did not affect this parameter but rather 

significantly increased it at concentration 5.8 nM after 24h. The treatment with 

cisplatin significantly reduced the average length of neurites after 48h.  

­  Number of branch points (Fig.27d): the treatment with BaTiO3 nanoparticles 

significantly increased the number of branch points at concentration 500 nM starting 

from 48h post treatment. The treatment with BaTiO3 at concentration 5.8 nM first 

significantly reduced the number of branches and then significantly increased this 

parameter at 72h.  

The treatment with LiNbO3 significantly increased the number of branch points at 

the highest concentrations tested (100 and 500 nM) after 48h and at concentrations 

5.8 and 100 nM after 72h. On the contrary, the treatment with cisplatin significantly 

reduced the number of branch points produced by PC12 cells at all times tested. 

These results showed that BaTiO3 and LiNbO3 nanoparticles did not induce apoptotic 

stimuli on the PC12 neuronal cell line. 
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5.3  Biocompatibility of materials involved in the new eardrum scaffolds  

 

5.3.1  Biocompatibility of chitin nanofibrils 

After the biocompatibility tests on piezoelectric nanoparticles, this project analysed the in 

vitro biocompatibility of all materials involved in the production of the innovative scaffolds 

to be used in the regeneration of the perforated eardrum (Fig. 28). 

 

First, the cytotoxicity of a chitin nanofibril solution 2% in water was measured by CellTiter 

96® AQueous MTS Reagent Powder (Promega, Milan, Italy), according to the 

manufacturer’s suggestions. The cells were treated with chitin nanofibrils solution 2% in 

water at three different concentrations (5, 10 and 20µg/ml), as described in Materials and 

Methods.  

The results showed that the treatment with chitin nanofibrils, at all time and doses tested, 

did not affect the OC-k3 cell viability in comparison with untreated cells (Fig. 29). 

  

 

Fig. 28. Schematic representation of the biodegradable scaffold made of PEOT/PBT 

copolymers (blue fibres) containing chitin nanofibrils (yellow fibrils) and covered by 

ciprofloxacin loaded nanoparticles (orange spheres). 
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5.3.2   Biocompatibility of PEOT/PBT copolymers 

­  Direct biocompatibility  

 

To verify whether the substances released by nanocomposites could be toxic to inner ear 

cells, the biocompatibility of copolymers of poly (ethylene oxide terephthalate)/poly 

(butylene terephthalate) (PEOT/PBT) loaded with different (w/w %) weight ratios of 

CNs/PEG pre-composite (50/50; 65/35; 70/30; 75/25), was initially analysed using the MTS 

assay in the direct method, as described in Materials and Methods (Fig. 8). 

The results showed that the viability of OC-k3 cells seeded in direct contact with the 

PEOT/PBT copolymers was reduced by about 30% in all samples tested after 24h. However, 

the viability was almost entirely recovered at 48h after the treatment (Fig. 30).  

 

Fig. 29. Cell viability measured by direct method. The OC-k3 cells were seeded on 

PEOT/PBT copolymers loaded with CNs/PEG pre-composite at (50/50; 65/35; 70/30; 75/25) 

(w/w %) weight ratios. Cell viability was expressed as mean value percent ± SEM vs. 

untreated cells (NT). Asterisks indicate significant differences in comparison to NT with * 

= p<0.05, ** = p<0.01, *** = p<0.001. 
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­  Indirect biocompatibility  

Subsequently, the cytotoxicity of PEOT/PBT copolymers was assessed also by the indirect 

method, as described in Materials and Methods (Fig. 9), to evaluate the effect of released 

leachable substances on the viability of cochlear cells.  

The OC-k3 cells were treated with conditioned media (media added with PEOT/PBT 

copolymers) for 24 and 48h. The results showed that the conditioned media of all samples 

tested did not affect the OC-k3 viability in comparison to control cells (Fig. 31).  

Fig. 30. MTS assay on OC-k3 cells treated for 24 and 48h with chitin nanofibrils solution 2% in 

water. Cell viability was expressed as mean value percent ± SEM vs. untreated cells (NT).  

Fig, 31. Cell viability measured by indirect method. The OC-k3 cells were treated with 

conditioned media of PEOT/PBT copolymers loaded with CNs/PEG pre-composite at 

(50/50; 65/35; 70/30; 75/25) (w/w%) weight ratios. Cell viability was expressed as mean 

value percent ± SEM vs. untreated cells (NT).  
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These results suggest that the PEOT/PBT / (CNs/PEG) nanocomposites are biocompatible 

for the OC-k3 cells. Nanocomposites could therefore be excellent candidates for use as 

patches in tympanic membrane transplantation because, even if the materials release 

leachable substances after implantation, these residues would not be toxic for inner ear cells. 

 

5.3.3   Biocompatibility of PLGA/PCL nanoparticles 

The effects of exposure to PLGA/PCL nanoparticles containing or not ciprofloxacin on the 

viability of OC-k3 cells was analysed by the MTS assay. The samples tested were: 

­  PLGA nanoparticles loaded with 200 µg/ml ciprofloxacin, prepared by the 

nanoprecipitation method (PLGA-Cipro);  

­  PLGA nanoparticles without ciprofloxacin, prepared by nanoprecipitation method 

(Blank PLGA);  

­  PCL nanoparticles loaded with 200 µg/ml ciprofloxacin (PCL-Cipro);  

­  PCL nanoparticles without ciprofloxacin (Blank PCL); 

­  PLGA nanoparticles loaded with 200 µg/ml ciprofloxacin, prepared by the water-oil-

in water emulsion (w/o/w) method (PLGA-Cipro w/o/w);  

­  PLGA nanoparticles without ciprofloxacin, prepared by the w/o/w method (Blank 

PLGA w/o/w).  

The OC-k3 cells were treated with ciprofloxacin-loaded nanoparticles and blank 

nanoparticles diluted in culture medium at concentrations 2, 20 and 40 µg/ml, for 24 and 

48h. 
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The results showed that the treatment with the PLGA-Cipro and Blank PLGA prepared by 

the nanoprecipitation method significantly reduced cell viability starting from 20 µg/ml. 

The treatment with PCL-Cipro significantly reduced cell viability at all concentrations tested 

after 24h and at concentrations of 20 and 40 µg/ml after 48h. On the other hand, the 

treatment with Blank PCL significantly reduced cell viability at 20 and 40 µg/ml 

ciprofloxacin equivalent concentrations at both times tested. The lowest concentration, 2 

µg/ml, did not affect cell viability after 24h and increased it after 48h. The treatment with 

PLGA-Cipro and Blank PLGA prepared by w/o/w method significantly reduced cell 

viability at all times and doses tested (Fig. 32). 

The MTS assay was then repeated using lower concentrations of nanoparticles, from 20 to 

0.02 µg/ml (Fig. 33). The results showed that the treatment with the PLGA-Cipro and Blank 

PLGA prepared by nanoprecipitation method, as well as with PCL-Cipro and Blank PCL, 

did not affect cell viability at both times tested in the concentration range 0.02 - 2 µg/ml. The 

PLGA-Cipro and Blank PLGA prepared by w/o/w method were non-toxic at 0.02µg/ml after 

24 and 48h (Fig. 33). 

Fig. 32 MTS assay of OC-k3 cells treated with PLGA-Cipro, PCL-Cipro and PLGA-Cipro 

w/o/w, loaded with ciprofloxacin and blank nanoparticles (Blank PLGA, Blank PCL and 

Blank PLGA w/o/w) at 2, 20 and 40 µg/ml for 24 and 48 h. Cell viability was expressed as 

mean value percent ± standard error of mean (SEM) vs. untreated cells (NT). Asterisks 

indicate significant differences in comparison to NT, with ** = p<0.01. 
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After that, to verify whether these nanoparticles could induce any morphological changes 

on the OC-k3 cells, the phalloidin-DAPI staining was performed as described in Materials 

and Methods. The OC-k3 cells were treated for 24 and 48h with PLGA-Cipro and Blank 

PLGA prepared by nanoprecipitation (Fig. 34) and with PCL-Cipro and Blank PCL (Fig. 35) 

at concentrations 2 and 5 µg/ml. The OC-k3 cells were also treated with PLGA-Cipro and 

Blank PLGA prepared by w/o/w method for 24 and 48h, and the concentrations tested in 

these experiments were 0.2 and 2 µg/ml (Fig. 36). 

Fig. 33. MTS assay of OC-k3 cells treated with PLGA-Cipro, PCL-Cipro and PLGA-Cipro 

w/o/w, loaded with ciprofloxacin and blank nanoparticles (Blank PLGA, Blank PCL and 

Blank PLGA w/o/w) at 2, 20 and 40 µg/ml. Cell viability was expressed as mean value 

percent ± SEM vs. untreated cells (NT). Asterisks indicate significant differences in 

comparison to NT, with * = p< 0.05, *** = p<0.001. 
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Fig. 34. Morphological analysis of OC-k3 cells treated for 24 and 48h with PLGA-Cipro and Blank 

PLGA nanoparticles prepared by nanoprecipitation method. The concentrations tested were 2 and 

5 µg/ml. Phalloidin-TRITC (red) stains the actin filaments of the cytoskeleton; DAPI (blue) stains 

the A-T rich regions of nuclear DNA. Merged images (a, c, e, g, i, m, o, q, s, u) and bright field 

images (b, d, f, h, l, n, p, r, t, v) captured at 40X magnification, scale bar 100 µm. 
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Fig. 35. Morphological analysis of OC-k3 cells treated for 24 and 48h with PCL-Cipro and 

Blank PCL nanoparticles. The concentrations tested were 2 and 5 µg/ml. Phalloidin-TRITC 

(red) stains the actin filaments of the cytoskeleton; DAPI (blue) stains the A-T rich regions of 

nuclear DNA. Merged images (a, c, e, g, i, m, o, q, s, u) and bright field images (b, d, f, h, l, n, p, 

r, t, v) captured at 40X magnification, scale bar 100 µm. 
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The results showed that the OC-k3 cells treated with PLGA-Cipro and Blank PLGA 

prepared by nanoprecipitation method (Fig. 34) and with PCL-Cipro and Blank PCL (Fig. 

35) at concentration of 5 µg/ml, mostly died after 24h of exposure. However, the cells treated 

with the same nanoparticles at concentration 2 µg/ml did not show any signs of apoptosis 

at all times tested. 

The OC-k3 cells treated with the PLGA-Cipro NP and Blank PLGA NP prepared by w/o/w 

method (Fig. 36) at concentration 2 µg/ml showed signs of apoptosis starting from 24h of 

Fig. 36. Morphological analysis of OC-k3 cells treated for 24 and 48h with PLGA-Cipro and 

Blank PLGA prepared by w/o/w method. The concentrations tested were 0.2 and 2 µg/ml. 

Phalloidin-TRITC (red) stains the actin filaments of the cytoskeleton; DAPI (blue) stains the A-

T rich regions of nuclear DNA. Merged images (a, c, e, g, i, m, o, q, s, u) and bright field 

images (b, d, f, h, l, n, p, r, t, v) captured at 40X magnification, scale bar 100 µm. 
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exposure. The treatment at concentration 0.2 µg/ml did not affect the morphological features 

of the OC-k3 cells.  

Further cell viability tests were carried out using a wider range of concentrations, to identify 

the nanoparticle concentration able to cause a 50% reduction in cell growth (IC50), to verify 

if the IC50 was higher than the minimum inhibitory concentration of ciprofloxacin accepted 

against susceptible and resistant strains of Pseudomonas aeruginosa (0.25– 0.99 μg/ml), one of 

the most common bacteria affecting the respiratory tract (Günday et al., 2020).  

The calculation of IC50 was performed using the software GraphPad Prism 8.0.1. 

(https://www.graphpad.com/) and the results are shown in Table 3. 

Table 3. Values of IC50 (concentration of nanoparticles in µg/ml able to cause a 50% 

reduction in cell growth) on OC-k3 cells exposed for 24 and 48 h to PLGA/PCL nanoparticles 

(PLGA-Cipro, Blank PLGA, PCL-Cipro, Blank PCL, PLGA-Cipro w/o/w and Blank PLGA 

w/o/w), loaded or not with ciprofloxacin. 

 
PLGA-

Cipro 

Blank 

PLGA 

PCL-

Cipro 

Blank 

PCL 

PLGA-Cipro 

w/o/w 

Blank PLGA 

w/o/w 

IC50 24h 3.075 2.475 3.062 2.881 0.844 0.961 

IC50 48H 2.825 2.059 2.791 2.599 0.388 0.455 

 

Summarizing, the results showed that the PLGA-Cipro NP prepared by the 

nanoprecipitation method and the PCL-Cipro NP did not affect OC-k3 cells viability and 

morphology at ciprofloxacin concentrations between 0.2 and 2 μg/ml. The PLGA-Cipro NP 

prepared by the w/o/w method did not affect OC-k3 cells at ciprofloxacin concentration of 

0.02 μg/ml. Moreover, the blank preparations of all nanoparticles tested did not affect cell 

viability at the same ciprofloxacin equivalent concentrations in comparison to ciprofloxacin-

loaded nanoparticles. Therefore, according with the morphological analyses, the cytotoxic 

effects of the higher concentrations of nanoparticles are probably related to the different 

production methods used for each nanoparticle type. 
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5.3.4  Biocompatibility of MIPNP and NIPNP nanoparticles 

The effects of exposure to molecularly imprinted polymer nanoparticles (MIPNP) and non-

molecularly imprinted polymer nanoparticles (NIPNP) loaded or not with ciprofloxacin on 

the viability of OC-k3 cells was also analysed by MTS assay. The OC-k3 cells were treated 

for 24 and 48h with MIPNP loaded with ciprofloxacin (MIPNP-Cipro), MIPNP without 

ciprofloxacin (Blank MIPNP); NIPNP loaded with ciprofloxacin (NIPNP-Cipro), NIPNP 

without ciprofloxacin (Blank NIPNP). The concentrations tested were 2, 20 and 40 µg/ml. 

The viability of OC-k3 cells was also tested by MTS assay after exposure to ciprofloxacin 

powder at three different concentrations (2, 20 and 40 µg/ml) for 24 and 48h. 

 

 

 

 

 

 

Fig, 37. MTS assay of OC-k3 cells treated with MIPNP-Cipro and Blank MIPNP for 24 and 

48h. The concentrations tested were 2, 20 and 40 µg/ml. Cell viability was expressed as 

mean value percent ± SEM vs. untreated cells (NT).  
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The results showed that the treatment with MIPN- Cipro and Blank MIPNP (Fig. 37), with 

NIPNP-Cipro and Blank NIPNP (Fig. 38) and ciprofloxacin (Fig. 39), at all times and doses 

tested, did not induce any change on the OC-k3 viability in comparison with untreated cells.  

Fig, 38. MTS assay of OC-k3 cells treated with NIPNP-Cipro and Blank NIPNP for 24 and 

48h. The concentrations of tested were 2, 20 and 40 µg/ml. Cell viability was expressed as 

mean value percent ± SEM vs. untreated cells (NT).  

Fig, 39. MTS assay of OC-k3 cells treated with ciprofloxacin powder for 24 and 48h at 

concentrations 2, 20 and 40 µg/ml. Cell viability was expressed as mean value percent ± 

SEM vs. untreated cells (NT).  
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The phalloidin-DAPI staining was subsequently performed to analyse the effects of these 

nanoparticles on the morphology of OC-k3 cells. The OC-k3 cells were treated with MIPN-

Cipro and Blank MIPNP, with NIPNP-Cipro and Blank NIPNP, and with ciprofloxacin at 

the highest concentration tested (40 µg/ml) for 24 h and 48h. 

 

Fig. 40. Morphological analysis of OC-k3 cells treated with MIPN- Cipro and Blank MIPNP, 

NIPNP-Cipro and Blank NIPNP, and ciprofloxacin powder (40 µg/ml) for 24h. Phalloidin-

TRITC (red) stains the actin filaments of the cytoskeleton; DAPI (blue) stains the A-T rich 

regions of nuclear DNA. Merged images (a, c, e, gm I, k) and bright field images (b, d, f, h, j, 

l) captured at 40X magnification, scale bar 100 µm. 
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The results showed that the treatment with MIPN-Cipro and Blank MIPNP, NIPNP-Cipro 

and Blank NIPNP, and ciprofloxacin powder, at concentration of 40 µg/ml did not affect the 

morphological features of the OC-k3 cells, after 24 (Fig. 40) and 48h (Fig. 41). The actin 

filaments of the cytoskeleton appeared well extended and the nuclei were round with no 

signs of pyknosis. 

Fig. 41. Morphological analysis of OC-k3 cells treated with MIPN- Cipro and Blank MIPNP, 

NIPNP-Cipro and Blank NIPNP, and ciprofloxacin powder (40 µg/ml) for 48h. Bright field 

images (b, d, f, h, j, l). Phalloidin-TRITC (red) stains the actin filaments of the cytoskeleton; 

DAPI (blue) stains the A-T rich regions of nuclear DNA. Merged images (a, c, e, gm I, k) 

and bright field images (b, d, f, h, j, l) captured at 40X magnification, scale bar 100 µm. 
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6.  Discussion 

Recovery from sensory neural hearing loss (SNHL) requires the implantation of a cochlear 

implant (CI) that stimulates the cochlear nerve, bypassing damaged sensory cells (Ciorba et 

al., 2009; Giordano et al., 2014). The CI helps deaf population to rediscover the joy of sound, 

but the implantation of this device has a lot of disadvantages related to its construction and 

it is often accompanied by medical side effects that lead to explant (Astolfi et al., 2016; 

Knipper et al., 2020; Simoni et al, 2020; Van de Heyning et al., 2020). 

This study is part of a project involving the production of a new “self-powered” device for 

cochlear stimulation based on piezoelectric nanomaterials. The device is made of 

electrospun fibres containing polyvinylidene difluoride (PVDF), a piezoelectric polymer 

already known to be biocompatible and very flexible (He et al., 2021), to which piezoelectric 

nanoparticles will be added (Mota et al., 2017; Danti et al., 2020). The piezoelectric materials 

are already used as scaffolds in many applications due to their biocompatibility and ability 

to stimulate tissue regeneration (Yu et al., 2016; Mota et al., 2017; Li et al., 2019; Ahmadi et 

al., 2020; Danti et al., 2020). Furthermore, by producing an electric field, the piezoelectric 

materials are able to stimulate neuronal extension and proliferation, bone formation and 

reparation, and cellular migration (Rajabi et al, 2015). The present study analysed the in vitro 

biocompatibility of two piezoelectric nanoparticles, barium titanate (BaTiO3) and lithium 

niobate (LiNbO3), on two different cell lines, the OC-k3 and the PC12, to investigate the 

possible use of these nanoparticles in the construction of the innovative implantable device, 

without affecting the delicate inner ear cells. 

Barium titanate (BaTiO3) is a piezoelectric ceramic currently used in a wide variety of 

applications including electronic (Uhl and Andrew, 2020) and electro-optical devices, and 

transducers (Jiang et al., 2019). The ferroelectric property of this material was discovered in 

1945 (Wul, 1946), but its use in biomedical application was investigated only in the last ten 

years (Ciofani et al., 2010a). To date, BaTiO3 has been shown to be biocompatible for several 

cell lines (Genchi et al., 2016), and is currently used in drug delivery systems (Ciofani et al., 

2010a) and wireless neuronal stimulation (Marino et al., 2015).  
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The results presented in this thesis showed that BaTiO3 nanoparticles did not affect the 

viability of OC-k3 cells and significantly increased the viability of PC12 cells. These data are 

in agreement with previous studies that showed increased cell viability and proliferation on 

human neuroblastoma SH-SYY cell line and rat mesenchymal stem cells treated with glycol-

chitosan coated BaTiO3 nanoparticles (Ciofani et al. 2010a; 2013).  

Moreover, the treatment with BaTiO3 did not affect cell morphology and the amount of ROS 

produced by both cell lines analysed, confirming that these nanoparticles did not enhance 

cell oxidative stress, as previously found on mesenchymal stem cells (Ciofani et al., 2013). 

The apoptosis is a high-energy requiring program that leads to cell death in physiological 

and pathological processes and is activated through intrinsic and extrinsic pathways (Smyth 

et al., 2002; Ward et al., 2008). The apoptotic markers for in vitro detection of cell death 

include an increase in caspase 3 activity, the cleavage of PARP, a decrease in cellular 

metabolism and the release of cytochrome c from the mitochondria (Smyth et al., 2002). The 

results obtained in this thesis showed that BaTiO3 nanoparticles did not induce significant 

changes on the expression of caspase 3 and PARP proteins in OC-k3 and differentiated PC12 

cells. Furthermore, the cleaved forms of both proteins were absent in all samples tested 

except the positive control. In the same way, the immunocytochemical analysis showed a 

homogeneous distribution of cytochrome c within the cytoplasm of treated cells. These 

results showed that BaTiO3 did not induce apoptotic stimuli on OC-k3 and PC12 cell lines. 

The in vitro neurotoxicity tests are widely used to pre-screen materials that should not 

induce in vivo side effects. The assessment of neuronal outgrowth is one of the most common 

methods used to analyse the effects of new materials on neurons because, although 

neurotoxin is expected to alter many cellular processes including proliferation, 

differentiation or synapse formation, the neuronal morphology is a key structure for 

neuronal connectivity (Radio et al., 2008).  

The results of this thesis showed that the treatment with BaTiO3 at all time and doses tested 

did not affect the differentiation grade and the neurite number in PC12 cells. Furthermore, 
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the treatment with BaTiO3, at concentration of 5.8 nM after 24h, and 100 nM after 48h, 

significantly increased the average length of neurites. These data are in agreement with a 

previously study showing an increase in the length and number of neurites on differentiated 

PC12 cells treated with another type of piezoelectric nanostructure, the boron nitride 

nanotubes (BNNT) (Ciofani et al., 2010b). 

Concerning the neurite branching, the treatment with BaTiO3 at the highest concentration 

tested (500 nM) significantly increased this parameter starting from 48h post treatment. The 

treatment with BaTiO3 at concentration of 5.8 nM first significantly reduced the number of 

branches and then significantly increased it at 72h. These data suggest that BaTiO3 

nanoparticles increase the complexity of the neuritic network produced by PC12 cells and, 

combined with the non-toxicity detected by other tests, show the biocompatibility of barium 

titanate nanoparticles for cochlear and neuronal cells.  

Lithium niobate (LiNbO3) is a ceramic with many properties, among which ferroelectricity, 

pyroelectricity and piezoelectricity (Meinan et al., 2006; Kamali and Fray, 2014). These 

properties make this material useful in many applications such as acoustic wave 

transducers, memory elements and optical phase modulators (Weis and Gaylord, 1985). The 

use of LiNbO3 in biomedical applications has been investigated only recently (Vilarinho et 

al., 2014), and to date there are few studies on its biocompatibility (Carville et al., 2015; 

Marchesano et al. 2015).  

The results presented in this thesis showed that LiNbO3 did not affect the viability of OC-

k3 cells and significantly increased the viability of PC12 cells starting from 24h post 

treatment. The degree of cell differentiation is known to influence cellular reactions 

(Ekshyyan and Aw, 2005; Mendonça et al., 2013), for example by exposure to ROS (Sasaki 

et al., 2001) or chemotherapeutic drugs (Sakagami et al., 2018). The greater biocompatibility 

of LiNbO3 nanoparticles obtained in this study could be explained by the different medium 

used for cell differentiation, which could have modified the response of PC12 to treatment 

by improving their neuronal characteristics. 
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Moreover, the treatment with LiNbO3 nanoparticles did not affect the morphological 

features and the amount of ROS produced by OC-k3 and PC12 cells. These data are in 

agreement with previous studies that analysed the cellular response of mouse embryonic 

fibroblasts (NIH-3t3) (Marchesano et al., 2015), rat bone marrow mesenchymal stem cells 

(rBMMSCs) (Li J. et al., 2015) and osteoblasts cells (MC3T3) (Carville et al., 2015) seeded on 

the LiNbO3 crystal surface. These studies showed that the charged surface of LiNbO3 

enhanced cell proliferation without changing the morphological characteristic of cells. 

Concerning the induction of apoptotic stimuli, the results obtained in this thesis showed 

that LiNbO3 nanoparticles did not induce significant changes on the expression of caspase 

3 and PARP proteins in OC-k3 cells and differentiated PC12 cells. The cleaved forms of both 

proteins were absent in all samples tested except in the positive control, and the 

immunocytochemical analysis showed a homogeneous distribution of cytochrome c within 

the cytoplasm of treated cells. These results showed that LiNbO3 did not induce apoptotic 

stimuli on OC-k3 and PC12 cell lines. 

The evaluation of neuronal outgrowth in PC12 cells treated with LiNbO3 nanoparticles 

showed that the piezoelectric nanomaterials did not affect the degree of differentiation, the 

number of neurites per cell and the average length of neurites, which was actually increased 

at concentration 5.8 nM after 24h. Moreover, the number of branch points was significantly 

increased at the highest concentrations tested (100 and 500 nM) after 48h, and at 5.8 and 100 

nM after 72h.  These data are consistent with a previous study analysing the neuronal 

outgrowth of PC12 cells treated with iron oxide nanoparticles. The study detected an 

increase in neurite length and number, and proved the neuromodulatory effect of metal ions 

on neurons (Kim et al., 2011).  

In conclusion, barium titanate and lithium niobate did not induce any cytotoxic or apoptotic 

effects on neuronal and cochlear cells, but rather increased cell viability and enhanced the 

neuritic network. It is known that PC12 cell differentiation may occur by NGF stimulation, 

which activates the mitogen-activated protein kinases/extracellular signal regulated kinases 

(MAPK-ERK) pathway, or by the adenylyl cyclase (AC) pathway, which in turn may be 
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triggered by an increase in extracellular calcium concentration (Hoop et al., 2017). 

Piezoelectric substances under mechanical stimulation generate electrical charges, which, 

by increasing the amount of extracellular Ca2+, stimulate the increase of neuronal network 

through the AC pathway (Brosenitsch and Katz, 2001; Huang et al., 2010). This suggests that 

the use of piezoelectric nanoparticles on neurons of the cochlear ganglion could induce an 

increase in the ability of neurons to reach the target inner ear hair cells. 

The piezoelectric nanoparticles BaTiO3 and LiNbO3 are therefore biocompatible for inner 

ear cells and are good candidates for improving the efficiency of new implantable hearing 

devices without damaging the neurons. Overall, these results confirm that the electric 

stimulation has neuromodulatory effects on neurons (Schlaug et al., 2008; Latchoumane et 

al., 2018) and highlight the importance of developing new scaffolds coated with 

piezoelectric nanoparticles, that could be exploited in the treatment of neuronal diseases. 

Another common ear disorder that affects many people around the world is the perforation 

of the tympanic membrane (Hawkins, 2020; Sundar et al., 2021). Along life, this thin 

membrane can be damaged or perforated (Bevis et al., 2021). In the case of severe 

perforation, the surgical treatments currently used are the myringoplasty and 

tympanoplasty, but unfortunately both techniques have suboptimal results (Hong et al., 

2013; Sagiv et al., 2020;).  

This study is part of a project involving the production of new biodegradable scaffolds for 

use in tympanic membrane healing processes. These innovative biocompatible devices have 

the purpose to facilitate healing process of damaged tympanic membrane, by enhancing the 

proliferation and migration of keratinocytes, and by reducing the middle ear inflammatory 

state and the incidence of infections during the wound healing process.  

These new scaffolds need to be implanted in the middle ear, so it is possible that the 

materials used will release leachable substances that could reach the inner ear, altering the 

delicate cochlear balance and causing hearing disorders. Therefore, the second part of this 

doctoral thesis focused on the in vitro analysis of the biocompatibility on OC-k3 cells of 
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different materials and nanoparticles involved in the construction of these new 

biodegradable scaffolds. 

Chitin is the second most abundant polysaccharide after cellulose and together with its 

deacetylated derivative chitosan, is widely used in biomedical applications due to its 

biocompatibility, biodegradability and antimicrobial properties (Elieh-Ali-Komi and 

Hamblin, 2016). From chitin, nanofibrils can be prepared which are able to lose their 

allergenic action and acquire anti-inflammatory effects (Danti et al, 2021). The chitin 

nanofibrils are able to disperse well in biopolymers and are widely used in many 

applications, for example in food packaging, as anti-microbial agents (de Azeredo, 2013), in 

the production of anti-age cosmetics (Danti et al., 2019) and in the construction of new 

medical tools for wound healing (Muzzarelli et al., 2007). The cytotoxicity tests reported in 

this thesis showed that the treatment with chitin nanofibrils in water solution did not affect 

OC-k3 cell viability at all times and doses tested in comparison with untreated cells. These 

data are in agreement with those of previous studies describing the biocompatibility and 

ability of chitin and chitosan products to stimulate the attachment, proliferation and 

viability of tissues and stem cells (Muzzarelli et al., 2007; 2009). The chitin nanofibrils may 

therefore facilitate the eardrum healing process, without inducing toxic effects on OC-k3 

cells. 

The project involved the incorporation of chitin nanofibrils (CN) through the 

electrospinning/electrospray technique into a scaffold made of poly (ethylene oxide-

terephthalate)/poly (butylene terephthalate) (PEOT/PBT) copolymers. The PEOT/PBT 

electrospun scaffolds are known to be suitable for eardrum applications and are well 

tolerated by human mesenchymal stem cells (hMSCs) (Mota et al., 2015; Danti et al., 2021). 

The combination with chitin nanofibrils aims to develop a biodegradable and biocompatible 

device, able not only to mimic the mechanical features of eardrum, but also to stimulate the 

healing process, reducing the inflammatory state and enhancing the antibacterial activity 

after the implantation (Danti et al., 2021). The viability of OC-k3 cells was analysed by direct 

and indirect methods to verify the biocompatibility of PEOT/PBT copolymers loaded with 
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different weigh ratios of CNs/ polyethylene glycol (PEG) pre-composite. The results showed 

that the viability of OC-k3 cells seeded in direct contact with the PEOT/PBT copolymers was 

reduced by approximately 30% in all samples tested after 24h but, despite these results, 

viability was almost entirely recovered at 48h from the treatment. These data are in 

agreement with those of a previous study analysing the metabolic activity of hMSCs seeded 

on PEOT/PBT/(CN/PEG 50:50). The results of this study showed a reduction in metabolic 

activity after 24h, which was then recovered (Danti et al., 2021). Therefore, the reduction on 

the viability of OC-k3 cells seeded in direct contact with the nanocomposites could be 

related to the effect of the surface of the materials. On the other hand, the indirect 

biocompatibility tests showed that the conditioned media of all samples tested did not affect 

the OC-k3 viability at all times and doses tested, demonstrating that the nanocomposites 

did not release any toxic compounds. These data showed that the PEOT/PBT/(CNs/PEG) 

nanocomposites are biocompatible for the OC-k3 cells because, even if the scaffolds were 

able to release leachable substances after implantation, these residues would not be toxic for 

inner ear cells. 

Ear infections are the most common disorders affecting head and neck (Yang et al., 2021) 

and among them, otitis media is one of the common inflammatory disease that can cause 

the perforation of tympanic membrane (Massa et al., 2021). The PEOT/PBT copolymers, in 

combination with chitin nanofibrils, acquire the ability to reduce the inflammatory state 

after implantation but, to prevent infections during the healing process and reduce the 

possible implant rejection, the incorporation of an antibacterial compound may be necessary 

(Günday et al., 2020). In case of ear infections, the use of antibiotics is required and one of 

the most commonly used is ciprofloxacin, a third-generation fluorinated quinolone with 

wide-spectrum antibiotic activity against the most common Gram-positive and Gram-

negative bacteria (Wall et al., 2009). 

The studies related to this project involved the addition of ciprofloxacin-loaded 

nanoparticles to the surface of these PEOT/PBT electrospun scaffolds, in order to obtain, by 

an in situ release of ciprofloxacin, an enhanced implantation outcome and a reduction of 
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side effects caused by systemic antibiotic administration (Khorshidi and Karkhaneh, 2018; 

Günday et al., 2020). 

The poly (lactic-co-glycolic acid) (PLGA) is one of the most widely used materials in drug 

delivery, along with polycaprolactone (PCL). Both are biocompatible and biodegradable 

polymers, already approved in human clinical trials by Food and Drug Administration 

(FDA) and European Medicines Agency (EMA). These polymers are currently used in 

biomedicine, drug delivery, and cancer therapy to transport several types of drugs, 

including chemotherapeutics (paclitaxel, cisplatin), diabetes drugs (insulin), antibiotics 

(doxorubicin), and antifungals (amphotericin) (Kumari et al., 2010; Witt et al., 2019; Günday 

et al., 2020). 

This thesis analysed the biocompatibility of PLGA nanoparticles prepared by the 

nanoprecipitation or the w/o/w method, and of PCL nanoparticles, loaded or not with 

ciprofloxacin. The results showed that the PLGA nanoparticles loaded with ciprofloxacin 

(PLGA-Cipro) prepared by the w/o/w method did not affect OC-k3 cells at ciprofloxacin 

concentration 0.02 μg/ml. The PLGA-Cipro nanoparticles prepared by the nanoprecipitation 

method and the PCL-Cipro nanoparticles did not affect OC-k3 cells viability and 

morphology at ciprofloxacin concentrations between 0.2 and 2 μg/ml. Moreover, the blank 

preparations of all nanoparticles tested did not affect cell viability at the same equivalent 

ciprofloxacin concentrations compared to the ciprofloxacin-loaded nanoparticles. 

Therefore, the cytotoxic effects of the highest concentrations of nanoparticles are probably 

related to the different production methods used for each type of nanoparticle. These data 

agree with those reported on a study performed on human immortalized keratinocytes 

(HaCat), and human mesenchymal stem cells (hMSCs) (Günday et al., 2020). Thus, the 

PLGA-Cipro prepared by nanoprecipitation method and the PCL-Cipro nanoparticles are 

biocompatible for OC-k3 cells, with an IC50 value higher than the minimum inhibitory 

concentration (MIC) of ciprofloxacin accepted against susceptible and resistant strains of 

Pseudomonas aeruginosa (0.25– 0.99 μg/ml), one of the most common bacteria affecting the 

respiratory tract (Günday et al., 2020). These data therefore suggest that these nanoparticles 



79 
 

could be used for drug delivery in the production of the innovative scaffold for regeneration 

of the tympanic membrane. 

Another strategy for drug delivery under investigation is based on the use of the molecular 

imprinting polymers (MIP), compounds able to specifically bind the molecular target, 

mimicking the “lock and key” process that normally occurs in physiological reactions 

(Fresco-Cala et al, 2020). The MIPs represent an innovation in molecular recognition and are 

currently used for many applications, among which purification, bioimaging, and 

immunoassays (Zhang, 2020). The nanosize forms of MIP (nanoparticles), with 

homogeneous dimensions and shapes, attracted interest for in vitro and in vivo tests as 

substitute of enzymes or very expensive antibodies in diagnostic and therapeutic 

applications, and in drug delivery (Canfarotta et al., 2018; Refaat et al., 2019; Fresco-Cala et 

al, 2020).  

In this thesis, the effects of the MIP and NIP nanoparticles containing or not ciprofloxacin 

were analysed on viability of cochlear cells, to verify the possible use of these nanoparticles 

for long-term drug delivery of antibiotic in the construction of the biodegradable device for 

regeneration of the tympanic membrane. The imprinted polymer nanoparticles, produced 

with a specific binding site for ciprofloxacin, will slowly release the antibiotic after the 

implantation, extending the residency and the efficacy of the drug in the middle ear (van 

Nostrum, 2005). The use of MIP nanoparticles in drug delivery systems was first reported 

in 1998 (Norell et al., 1998) and to date several studies tested these innovative nanomaterials 

in different medical fields (Zhang, 2020). A previous study showed that soft lens produced 

using the molecularly imprinted technique, are promising drug devices, since they were 

able to enhance the release of timolol in terms of in time and concentration in comparison 

with non-imprinted contact lenses (Hiratani et al., 2005).   

In the same way, a recent study showed by in vitro and in vivo tests the efficacy of MIP 

nanoparticles as targeted systems of chemotherapeutic drug delivery in cancer therapy 

(Asadi et al., 2016).  
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The MIP and NIP nanoparticles tested in this thesis did not affect the viability and the 

morphological characteristics of OC-k3 cells at all times and doses tested, suggesting a high 

biocompatibility of these nanoparticles for cochlear cells. These data are in accordance with 

previous studies that analysed the cytotoxicity induced by MIP nanoparticles, showing that 

these nanomaterials did not affect the viability of HaCat, human fibrosarcoma (HT1080), 

and mouse embryonic fibroblasts (MEF) cells (Canfarotta et al., 2016). These results 

therefore confirm the biocompatibility of molecularly imprinted polymer nanoparticles and 

increase the knowledge about their interactions with cells, underlining the importance to 

develop innovative nanomaterials that will improve the efficacy of current therapeutic 

approaches.  

 

7.  Conclusions 

Overall, the results obtained in this project showed the biocompatibility of the piezoelectric 

nanoparticles barium titanate and lithium niobate on the OC-k3 and the PC-12 cell lines. 

These nanoparticles actually increased the cell viability and positively influenced the 

neuritic network produced by the neuron-like cells. These nanoparticles could therefore be 

used in the construction of an innovative self-powered cochlear implant, without inducing 

any cytotoxic effect on inner ear cells and neurons. This self-powered CI, exploiting the 

piezoelectric features of these nanomaterials, could simulate the physiological process of 

hearing, allowing a better sensitivity and quality of life in deaf population, and reducing the 

side effects related to the implantation of common cochlear devices.  

The effects of barium titanate and lithium niobate on the transmission of action potential 

are still unclear. A previous study reported that barium titanate nanoparticles were 

associated to the neurite membrane in human neuroblastoma SY5Y5Y cell line and, in 

combination with ultrasonic stimulation (US), were able to stimulate the calcium influx and 

values of voltage compatible with those required for the activation of neural voltage-gated 

channels (Genchi et al., 2016). Therefore, it would be interesting to investigate in the future 
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how barium titanate and lithium niobate interact with PC12 cells, and whether these 

nanoparticles are internalized and remain attached to the cell membrane, or are positioned 

more internally. Another study showed that PC12 cells differentiated with NGF could 

develop functional K+ and tetrodotoxin (TTX) sensitive Na+ channels, fundamental to initiate 

the action potential (Yang et al., 2011). By using the patch clamp technique, it could be 

interesting to analyse the amount of Na+ and K+ channels present on the membrane of 

differentiated PC12 cells, and analyse the effect of barium titanate and lithium niobate 

nanoparticles on the cellular polarization. These data would further increase the current 

knowledge on the biocompatibility of piezoelectric nanoparticles on the neuronal cell line 

and could open new perspectives for the use of these nanomaterials in the regeneration of 

damaged neuronal networks. 

The perforation of the tympanic membrane is one of the most common ear disorders 

affecting people worldwide, and the medical procedures currently used have suboptimal 

outcome. The tissue engineering is currently working on the production of innovative 

devices that could finally raise medicine to a higher level, increasing the quality of life of 

patients and reducing the costs and time of medical procedures (Sagiv et al., 2020; Danti et 

al., 2021). The results collected in this thesis, showed the biocompatibility of all materials 

involved in the production of the innovative biodegradable scaffold made of PEOT/PBT 

copolymers, containing chitin nanofibrils (CNs), and covered by ciprofloxacin loaded 

nanoparticles, on an inner ear cell line. In a previous study was shown that the incorporation 

of chitin nanofibrils in electrospun scaffolds made of PEOT/PBT reduced the inflammation 

and enhanced the immune response in HaCat cells, a model of eardrum epithelial cells 

(Danti et al., 2021). Therefore, this device could finally modify the current approaches used 

to heal a perforated eardrum, combining different materials that enhance the healing 

process, preventing the side effects related to the current medical procedures.  

The production of this biodegradable scaffold involves the chitin, that is easily extractable 

from food industry waste (Naghdi et al., 2020), and the ciprofloxacin that is delivered 

directly into the middle ear, using two different types of nanoparticles that are innovative 
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and cost effective. The molecular imprinted polymeric nanoparticles represent a promising 

technology in diagnostic and therapeutic applications. In addition, these nanoparticles are 

cheaper and more effective than the currently used antibodies (Canfarotta et al., 2018; Refaat 

et al., 2019; Fresco-Cala et al, 2020). Therefore, this innovative tympanic membrane scaffold 

will reduce drug administration and medical costs while improving the efficacy of the 

healing process and the quality of life of patients. Although further tests are needed to fully 

elucidate the effects of these materials, the construction of these biodegradable scaffolds 

could therefore be a great advantage in repairing a damaged tympanic membrane, without 

inducing any toxic effects on the delicate inner ear cells, and definitely changing the medical 

approach and patients’ recovery.  
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