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Desenvolvimento de nanocompósitos baseados em polímeros eletroativos para novas aplicações 

em engenharia de tecido muscular. 

Os distúrbios a nível do músculo-esquelético têm vindo a crescer continuamente a nível mundial, 

exigindo novas estratégias para atingir uma regeneração estrutural e funcional. Os polímeros 

piezoelétricos tem despertado interesse, oferecendo novas oportunidades para a engenharia de tecido 

do músculo-esquelético, uma vez que estes são electromecanicamente ativos, permitindo a estimulação 

mecano-elétrica dos tecidos. 

Neste trabalho, poli(fluoreto de vinilideno) (PVDF), o polímero biocompatível com a maior resposta 

piezoelétrica foi processado na forma de filmes, fibras e membranas porosas. Biomateriais compósitos 

foram produzidos com a introdução de nanopartículas de sílica com variação de diâmetro, quantidade e 

funcionalização, assim como com nanopartículas magnetostritivas (CoFe2O4). Deste modo, foi 

desenvolvida uma plataforma de polímeros eletroativos com características biomiméticas estruturais e 

com transdução mecano- e magnetoelétrica até um d33 ≈ |24| pC.N-1 e α33= 16.15 mV.cm-1Oe-1. 

O efeito da carga superficial dos filmes de PVDF na adesão e diferenciação celular foi investigado. 

A organização do citoesqueleto de mioblastos C2C12 aderidas a diferentes amostras de PVDF foi 

estudada por imunofluorescência e as interações entre uma única célula e o PVDF através de 

Espectroscopia de Força de uma Única Célula. Os mioblastos C2C12 cultivados nas amostras com carga 

superficial apresentaram uma morfologia mais alongada, independentemente de a carga ser negativa ou 

positiva. Foi determinado como as propriedades da superfície do material, tanto em termos de 

polarização (carga superficial positiva ou negativa) como de morfologia (filmes ou fibras) influenciam a 

diferenciação dos mioblastos, mostrando que o PVDF promove a diferenciação miogénica conforme 

evidenciado pela fusão e maturação, comprimento, diâmetro e número dos miotubos. As superfícies 

carregadas melhoram a fusão das células musculares em miotubos diferenciados e o uso de fibras de 

PVDF orientadas promovem o alinhamento celular. 

A estimulação dinâmica magnetoelétrica permitiu melhorar o índice de maturação do miotubo 

comparativamente às condições estáticas, sendo ainda melhorado com a combinação de estímulos 

químicos (meio de diferenciação) chegando até 70%. A estimulação dinâmica mecano-elétrica direta tem 

o mesmo efeito que a magnetoelétrica.  

Assim, este trabalho demonstra que a estimulação mecano-elétrica é uma nova abordagem para 

aplicações em engenharia de tecido músculo-esquelético.  

Palavras chave: Biomateriais, engenharia de tecido, estímulo mecano-elétrico, músculo-esquelético, 

polímeros piezoelétricos.  
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Tailoring electroactive polymer nanocomposites for novel muscle tissue engineering 

applications 

The prevalence of skeletal muscle disorders has been steadily increasing worldwide, requiring new 

strategies for their structural and functional regeneration. Piezoelectric polymers have attracted interest 

offering new opportunities for skeletal muscle tissue engineering (TE), since they are electromechanically 

active, allowing tissue mechano-electric and electro-mechanical stimulation.  

In this work, piezoelectric poly(vinylidene fluoride) (PVDF), the biocompatible polymer with the 

highest piezoelectric response, has been processed in the form of films, fibres and porous membranes. 

Composite biomaterials were also produced with the incorporation of silica nanoparticles with different 

diameters, functionalization and content, as well as magnetostrictive nanoparticles (CoFe2O4). This 

allowed a full set of electroactive polymers with biomimetic structural features and mechano- and 

magnetoelectric transduction up to d33 ≈ |24| pC.N-1 and α33= 16.15 mV.cm-1Oe-1. 

The effect of the surface charge of PVDF films on cell adhesion and differentiation was investigated. 

The cytoskeletal organization of C2C12 myoblasts adhered to different PVDF samples was studied by 

immunofluorescence and the interactions between single live cells and PVDF were analyzed by Single 

Cell Force Spectroscopy. C2C12 myoblasts seeded on samples with surface charge showed a more 

elongated morphology, independently of the charge being negative or positive. It was further determined 

how the surface properties of the material, both in terms of the poling state (positive or negative net 

surface charge) and their morphology (films or fibres) influence myoblast differentiation, showing that 

PVDF promotes myogenic differentiation as evidenced by myotube fusion and maturation index, length, 

diameter and number. Charged surfaces improve the fusion of muscle cells into differentiated myotubes 

and the use of oriented β-PVDF electrospun fibres scaffolds cell alignment.  

Magnetoelectric dynamic stimulation allowed to improve myotube maturation index comparatively to 

the static conditions being further enhanced with the combination of chemical stimuli (differentiation 

medium) up to ≈ 70%. Further, direct mechanoelectric dynamic stimulation also increases the maturation 

index of myotubes. 

Thus, this work convincingly demonstrates that mechano-electrical stimulation is a novel and suitable 

approach for skeletal muscle TE applications. 

 

 
Keywords: Biomaterials, mechano-electrical stimuli, piezoelectric polymer, skeletal muscle, tissue 

engineering.  
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 Introduction 
  

Tissue engineering and regenerative medicine are increasingly taking advantage of active materials, allowing to provide 

specific cues to the cells. In particular, the use of electroactive polymers that deliver an electrical signal to the cells 

upon mechanical solicitation, create new scientific and technological opportunities, as they in fact mimic signals and 

effects that occur in living tissues, allowing the development of suitable microenvironments for tissue regeneration. 

This chapter is based on a novel overall strategy for skeletal muscle tissue engineering that is based on the notion that 

muscle cells are subjected to mechano-electrical stimuli in their natural in vivo microenvironment and that piezo- and 

magnetoelectric polymers, used as scaffolds, are suitable for delivering those cues.

This chapter is based on the following publication: S. Ribeiro, C. Garcia-Astrain, M.M. Fernandes, S. Lanceros-Méndez and C. 

Ribeiro, Chapter 13 - Multidimensional Biomechanics Approaches Though Electrically and Magnetically Active 

Microenvironments; in Advances in Biomechanics and Tissue Regeneration, 2018, 253-267 and S. Ribeiro, D. M. Correia, C. 

Ribeiro and S. Lanceros-Méndez, Electrospun Polymeric Smart Materials for Tissue Engineering Applications; in Electrospun 

Biomaterials and Related Technologies, 2018, 251-282. 
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1.1 Tissue engineering 

Injury, disease and congenital malformation have always been part of the human experience. Tissue 

and organ failures produced as a result of injury (or other type of damage) are one of the most devastating 

and costly problems in medicine. Tissue or organs transplantation and reconstruction in these patients is 

severely limited by readiness of compatible donors, apart from constituting the most expensive therapies 

available, costing billions of dollars a year [1]. Mechanical devices or artificial prosthetics have also been 

used but pose important limitations as they do not restore the tissue/organ function, are not intended for 

integration into the host tissue and may induce inflammatory response in the host [2]. 

It is within this context that tissue engineering (TE) emerges as a significant alternative or 

complementary solution. The term tissue engineering was initially defined by the attendees of the first 

National Science Foundation sponsored meeting in 1988 as “application of the principles and methods 

of engineering and life sciences toward fundamental understanding of structure-function relationship in 

normal and pathological mammalian tissues and the development of biological substitutes for the repair 

or regeneration of tissue or organ function” [3]. In 1993, Langer and Vacanti summarized the early 

developments in this field and defined TE as an interdisciplinary field that applies the principles of 

engineering and life sciences toward the development of biological substitutes that restore, maintain or 

improve tissue or organ function [4].  

The classical TE approach has been mainly focusing on associating cells with the supporting matrix, 

also called biomaterials or scaffolds, that essentially act as a template for tissue formation by allowing 

cells to adhere, migrate, differentiate and produce tissue. The scaffolds are typically seeded with cells 

and occasionally have added growth factors, or subjected to biophysical stimuli in the form of a bioreactor 

[5, 6]. Typically, the combination of cells, signals and scaffold is often referred to as TE triad [1, 3]. 

The field relies extensively on the use of scaffolds to provide the appropriate environment for 

regeneration of tissues and organs. A number of key considerations are important when designing or 

determining the suitability of a scaffold for use in TE, such as biocompatibility, biodegradability, 

mechanical properties, scaffold architecture, manufacturing technology and finally the selection of 

biomaterial [7]. 

Over the years, TE embraced that biomimetic microenvironments are key components to successful 

cell culture and TE in vitro.  

TE approaches usually involve a biocompatible material in combination with cells and different 

stimuli to repair tissues or organs (figure 1.1).  
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Figure 1.1. Tissue engineering strategies for muscle regeneration. 

 
Cell adhesion is influenced by several parameters such as scaffold surface chemistry and surface 

charge or topography, among others. For example, to induce stem cell differentiation to the desired 

lineage, stems cells require extracellular stimuli, such as chemical (growth factors) and physical cues (i.e. 

mechanical stimulation). Physical signals are particularly relevant, as cell development is influenced by 

these stimuli and cell activity can be potentiated in in vitro models that mimic the body’s 

microenvironment. Moreover, cell adhesion, proliferation and differentiation can also be regulated by 

using active scaffolds which provide the appropriate environment for specific cell responses. The effect 

of external stimuli over cell attachment is also a key point, since focal adhesions (FAs) are the predominant 

mechanism by which cells mechanically connect to and apply traction forces on the extracellular matrix 

(ECM) [8]. Although the cellular response to electrical stimuli remains largely unknown, some regulatory 

membrane proteins and enzymes are sensitive to electric fields. When a cell attaches to a surface, it 

receives information from the environment by means of these ion channels and receptors present in its 

membrane and starts developing FAs [9]. 

The relevance of electrical phenomena in the human body was realized in the 18th century by von 

Haller and later by Galvani and Volta who demonstrated the dependence of muscles and nervous cells 

from electricity [10]. Major functions of cells, such as metabolism and growth, are influenced by electrical 

processes at different stages. Cells maintain a difference in potential across membranes and reduce it 

when necessary, can switch current on and off as well as vary current flow or store charge [11]. Among 

the different cues determining tissue functionality, electrical and electromechanical ones are crucial for 

tissues such as bone or muscle [12]. The movement and migration can be guided by electric fields in a 
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variety of different cell types such as corneal, epidermal and epithelial cells [13-16]. Moreover, these 

electric fields can also modulate the phenotypes of vascular endothelial cells, regenerate nerve fibres and 

influence ligament healing [17-19].  

 
1.1.1 Principles for electric and mechanical cues 

Tissue development, repair and/or regeneration of cells and organs, as well as cell behaviour and 

function, require multiple physiological cues, not only the (bio)chemical ones, but also physical signals, 

namely electrical and mechanical [20, 21]. 

Relatively to the mechanical forces, it is known that the cells are constantly exposed to them 

(depending on the tissue, they can be shear, compressive or tensile forces) [22], which in turn exert 

forces on their environment, modulating their behaviour (cell migration, proliferation and differentiation) 

[20, 23]. Also, they play a key role in diverse cellular processes, ranging from proliferation to transcription 

to organogenesis [24] due to, for example, the FAs complexes and the internal remodeling of the 

cytoskeletal architecture, the signalization of the second messenger (such as the intracellular Ca2+) or 

gene expression changes. So, cells are constantly monitoring the extracellular parameters of the 

surrounding microenvironment in order to respond to these changes appropriately and modify their 

behaviour accordingly, through a process termed mechanotransduction [25]. Essentially, each cellular 

process must begin with mechanotransduction, which is the conversion of the mechanical forces into 

biochemical or electrical signals that will remodel the cells and tissues at the structural and functional 

level [26]. 

The microenvironment found is dependent on the tissue and can be highly unique. For example, 

skeletal muscle cells are found embedded in a 3D tissue undergoing mechanical stretch and compression 

and endothelial cells are found in a 2D interface in contact with fluid, exposed to stretch and compression 

during pulsatile blood flow but also to fluid shear stress [24, 27]. In this way, for the design of the 

mechanical platforms, the mechanobiological niche of each tissue must be taken into consideration.  

The bioelectrical fields are generated by specific ion channels and pumps within cell membranes 

and guide the development and regeneration of many tissues, such as cartilage, nervous system and 

vascular endothelial cells [28, 29].  

The knowledge that cells and tissues are able to sense physical stimuli and translate them into 

biochemical and biological responses, has been paving the way for the development of novel smart 

materials to be applied in regenerative medicine [30, 31]. 
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One such example is the development of electrically and magnetically active materials/scaffolds for 

TE purposes. These materials are able to efficiently promote cell seeding, growth and differentiation, 

taking advantage of the mechanotransduction properties of the cells [11]. Living cells show many 

properties that are typical from electrical systems. They generate electromotive force, use varying 

resistances in series or in parallel, regulate the potentials difference whenever needed, switch on and off, 

control and rectify current flow store charge. Across the plasma membrane, an electrical voltage is present 

and inside the cell the environment remains more negative than the outside [11]. Due to all these 

properties, the application of small electric fields on different cells such as corneal [13, 14] and epithelial 

[16], has been described to guide them to in culture. Electric fields have also been reported to modulate 

phenotypes of vascular endothelial cells [17], to enhance nerve fibre outgrowth in vitro [18] and have 

been widely used in bone and cartilage regeneration [19, 29, 32].  

Therefore, materials capable of inducing a surface electrical charge able to stimulate the growth of 

cells and tissues in culture constitute a suitable approach for TE applications.  

In this context, smart materials show strong advantages with respect to conventional scaffolds 

providing additional cues to the cell and supporting the development of suitable microenvironments and 

can be used as innovative active biomimetic template for the regeneration of damaged tissue [33]. 

 
1.2 Smart materials 

Smart materials constitute a key technology supporting novel products with unique capabilities [34]. 

The adjective “smart” implies that these materials are able to react to changes in their environment in a 

predetermined way [34, 35]. 

Thus, smart materials are able to respond to specific single or multiple external stimuli in a 

controllable, predictable and reproducible way [35]. Only some materials show certain intrinsic 

characteristics which can be exploited in products, systems or structures that in turn exhibit “smart” 

behaviour [36]. 

In particular, the available literature describes a variety of smart materials playing an increasing role 

in a wide range of TE strategies. This strong increase of smart materials development for TE applications 

is due to improvement of the limitations of conventional scaffolds, which are simply used in a passive 

way, i.e. as support for cells and tissues. It is observed that for specific cells and tissues, the active 

behaviour of the material used for the scaffold can be used as an advantage, providing the necessary 

stimuli for proper tissue regeneration [33]. 



Chapter 1 – Introduction 
 

6 
 

Many stimuli can play an important role in the development and function of the human body. Some 

of these stimuli can be artificially controlled, such as light, magnetic or electric field, or naturally promoted 

by a physiological environment, such as electrical, temperature or pH changes, within the body. Thus, 

variations of pH can be found in muscle cells after muscle activity or in the brain, and pH variations also 

promote many cellular processes [37]. Mechanical stimuli are also constantly occurring in throughout the 

lifespan of human body cells, playing a particularly relevant role in bone formation and ECM production 

[12]. 

Some studies exploit the application of electrical or mechanical stimuli without the use of active 

polymers (such as conductive or piezoelectric). However, in recent years, active polymers have been used 

for different TE areas (such as regeneration of bone, muscle, nerve, among others) in order to induce 

these stimuli more naturally, taking advantage of the existence of electrical or mechanical signals of the 

body. 

Piezoelectric polymers are among the smart materials most commonly used for TE. Many tissues of 

human body such as bone [38], nervous tissue [39] and muscle [40] are controlled by electrical signals, 

and piezoelectric materials allow the application of electrical signals to the cells through mechano-

electrical transduction. They have shown suitability for TE due to their capacity of varying surface charge 

when a mechanical load is applied, without need of direct connection to an external voltage source (figure 

1.2). 

 

 

Figure 1.2. Schematic representation of the piezoelectric effect (piezoelectric material representation at 

the bottom of the image) and corresponding cell culture on piezoelectric supports (a) without and (b) with 

mechanical stimulus, the later leading to an electrical potential variation of the materials which is, in turn, 

influences cell response [12]. 

 

In some cases, the scaffolds structures should be accomplished with the few natural and synthetic 

materials available for a specific smart response, reinforced by other (nano)materials in order to achieve 
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multifunctional smart materials. Some of these materials are, for example, the inclusion of magnetic 

sensitivity by using magnetic fillers, and electrical sensitivity/conductivity by using electrically conducting 

fillers such as carbon or silver nanotubes or nanowires, among others [36]. The inability of engineered 

materials to mimic the natural properties of tissue is a major roadblock that can be solved by resourcing 

to nanotechnology. 

 

1.2.1 Polymer-based multifunctional nanocomposites 

Strong efforts have been put into research to reach the actual needs in term of materials 

characteristics. Nanotechnology has demonstrated a strong impact in the area of materials science by 

providing, among others, a new generation of nanocomposites with enhanced functionalities to overcome 

the limitations of traditional materials [41]. Due to their improved mechanical, thermal, physical, 

biological and chemical properties than bulk materials, nanoparticles are an interesting solution as 

functional agents to include into polymers films. Among the different nanocomposites, polymer-based 

nanocomposites have become a prominent area of current research [41, 42], allowing the development 

of advanced multifunctional materials with tailorable properties for a broad range of applications in areas 

such as food packaging [43], sensors and actuators [44, 45], biomedical field [46, 47], among others.  

Generally, these nanocomposites are designed specifically to take advantage of the properties of the 

fillers together with the ductility, flexibility and processability of the organic polymers [47, 48]. 

Different kind of nanoparticles have been used on and added to polymeric matrices, such as 

magnetic nanoparticles in order to obtain magnetoelectric (ME) and multiferroic composites for sensors 

and cell stimulation [49]; Ag particles for larger dielectric response and antimicrobial properties [50]; 

zeolites to increase the dielectric and functional properties, and controlled drug release [51]; ceramic 

fillers to improve electroactivity [52] and carbon nanotubes to enhance dielectric and mechanical 

properties [53]. On the other hand, once fillers have been introduced into the polymer matrix, biomaterial–

cell interaction is modified and novel bioactivity or even suppression of biocompatibility can occur [54, 

55].  

Additionally, among the wide range of fillers that can be added, the magnetic/magnetostrictive 

nanoparticles have attracted increasing attention as they generate ME composite materials that allow the 

use of an external magnetic field to remotely trigger mechanical and electrical stimuli onto growing tissues 

[56]. Silica nanoparticles (SiNPs) also have huge potential for TE applications due to their properties and 

the possibility to incorporate drug or growth/differentiation factors that can improve/complete the 
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multifunctional systems for tissue regeneration. In this sense, the focus has been mainly on these two 

types of fillers described above that have been extensively used in TE. 

 
1.2.1.1 Silica nanoparticles 

Silica is the most common oxide on earth with a mean abundance of about 37 wt.% [57]. SiNPs, 

which belong to the Organization of Economic Cooperation and Development (OECD) list of interest and 

are among the most utilized nanomaterials in industrial nanotechnologies, can present a variety of forms: 

crystalline, simple amorphous and mesoporous [58]. 

Among inorganic materials, silica is especially adequate for biomedical applications as it is 

biocompatible, endogenous (present in bones), and generally recognized as safe by the U.S. Food and 

drug Administration (US-FDA) [59]. SiNPs are not only easy to synthesize with controlled diameter and 

low size dispersion but also amiable to rich conjugation chemistry, which allows the incorporation of 

different groups into the silica network, such as drugs, inorganic complexes, fluorescent dyes (to improve 

the photophysical and photochemical performance of the dyes) [60-64]. Owing to these characteristics, 

SiNPs have been used as supports or carriers for drug delivery [65] and imaging [66, 67]. Some studies 

have also investigated the use of SiNPs in combination with polymers for biomedical applications. The 

use of SiNPs to produce hybrid hydrogels with poly(hydroxyethylmethacrylate) showed an improvement 

on cell adhesion and proliferation of 3T3-fibroblast cells when 10 and 30% of SiNPs concentrations were 

used [68]. The same happen for PEG hydrogels that enhance initial cell adhesion, promote cell spreading 

and increase the metabolic activity when SiNPs are added to the hydrogel [69]. Chrissafis et al. found 

that incorporating silica nanoparticles substantially increased tensile strength and Young’s modulus of 

poly(vinyl pyrrolidone), chitosan or poly(vinyl alcohol) based hydrogels [70] and more recently a simple 

and effective method for the production of mechanically-responsive scaffolds using SiNPs into a 

biocompatible polymer has been presented, in order to evaluate the effect of the change mechanical 

properties on cellular functions [71]. SiNPs embedded electrospun fiber mats have been also used for 

drug delivery in bone TE with PLGA and PLLA as well as for nerve and wound healing tissue regeneration 

[72, 73]. To date, research on SiNPs in TE has dominantly focused on bone regeneration given that the 

diversified functions of SiNPs are qualified with various demands in bone TE [74]. The application of 

SiNPs in other TE areas, namely skeletal muscle TE, has scarcely been addressed, so more effort should 

be devoted to conduct an in-depth study on the suitability of SiNPs in these fields.  
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1.2.1.2 Magnetic, magnetomechanic and magnetoelectric materials 

Another strategy able to induce mechanotransduction on cells is the application of magnetic stimuli 

on magnetic responsive materials. The use of such materials in biomedicine has been widely explored, 

mainly if we consider the possibility of preparing nanoscaled magnets. They possess important properties 

that have allowed applications in different medical areas including neurology [75], ophthalmology [76], 

dentistry [77] and cardiology [78], among others. In fact, the size of these magnetic nanomaterials plays 

a key role as it imparts unique properties to the material. Specific interactions with cells, viruses and 

proteins, which ultimately induce cellular growth or death, and the possibility of entering the organism 

and reach locations inaccessible to other materials [79, 80], are just a few examples of the important 

properties these materials hold. Moreover, these nanoparticles are easily functionalized with other 

materials, permitting enhanced interactions and specific binding to the targeted biological entities, which 

ultimately results in colloidal stability and biocompatibility [81]. Also, one of the advantages of using 

magnetic nanomaterials in biomedicine is the fact that they are easily traceable and localized inside the 

body through the action of a magnetic field, thus using minimally invasive methods [82].  

Magnetic nanomaterials can be obtained in different morphologies, such as magnetic 

micro/nanoparticles, which may be categorized into different structures: pure metals (Co, Fe, Ni, Ti) and 

metal oxides (iron oxides Fe2O3 or Fe3O4 and ferrites such as BaFe12O19 and CoFe2O4 (CFO)) in order to 

obtain magnetic nanocomposites [83, 84]. Magnetic nanoparticles have been commonly used with a 

variety of cells and tissues for TE applications [85]. Also, they have been playing an important role in cell 

separation and immunoassays, drug targeting and delivery, gene delivery and transfection [86], as well 

as magnetic resonance imaging (MRI) contrast agents [87, 88]. These particles vary in size, surface 

chemistry, magnetic properties and bulk chemistry and often consist of a magnetic iron oxide core coated 

with a biocompatible polymer. This allows their functionalization enabling them to attach binding 

molecules such as antibodies, peptides and other functional groups [89]. Magnetic nanoparticles may be 

linked to functional sites, such as the cell membrane and/or on internal cellular components, thus acting 

as transducers of magnetic fields and enabling the non-invasive control of various cellular functions [30]. 

Early findings have shown that by functionalizing magnetic microparticles with ligands able to interact 

with different receptors on the cells surface, it was possible to study the mechanical linkage between the 

cell membrane receptor and the cytoskeletal network [90]. Since then, basic scientific research has been 

conducted on a variety of cell types to evaluate the mechanotransduction phenomenon assisted by these 

particles and respective coatings [91-97]. 
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These types of magnetic nanoparticles may be incorporated as a filler to obtain composites with ME 

properties. The obtained nanocomposites are very interesting materials since it becomes possible to 

remotely mechanical and/electrically stimulate tissues from outside of the human body [98, 99] and for 

specific cell cultures in bioreactors [100]. Therefore, in cases when the patient is immobilized due to 

serious health issues, or when the natural mechanical stimulus does not occur, decreasing the 

effectiveness of piezoelectric materials, this type of smart materials may hold an interesting advantage.  

In this sense, examples of such materials are those possessing mechano-electric, magnetic and ME 

properties. Mechano-electric materials are mainly constituted by piezoelectric polymers that respond to 

mechanical stimuli, inducing an electrical charge in the material (Figure 1.3A). Magnetic and ME materials 

are composites comprising magnetic or magnetostrictive particles and a piezoelectric polymer. Because 

of their magnetic component, they sense a magnetic field that induces a mechanical stimulation on the 

scaffold due to the incorporated magnetic or magnetostrictive properties, which further induce an 

electrical polarization variation due to the piezoelectric phase present in the same scaffold (Figure 1.3B 

and C). 

 

Figure 1.3. Schematic representation of the (A) mechano-electric properties of a scaffold upon the 

application of mechanical stimuli and (B) and (C) magnetoelectric properties of scaffolds upon the 

application of magnetic stimuli. 
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1.2.2 Scaffold design 

Nevertheless, not only the mechanical and electrical stimuli are important to obtain promising results 

in regenerating, maintaining, or improving tissue functions in the human body. The architecture of the 

scaffolds used for TE is also of critical importance. Intuitively, the best scaffold for an engineered tissue 

should be the extracellular matrix of the target tissue in its native state [101]. The fabrication technique 

for TE scaffolds depends almost entirely on the bulk and surface properties of the material and the 

proposed function of the scaffold. Each method presents distinct advantages and disadvantages, and the 

appropriate technique is selected to meet the requirements for the specific tissue type [102]. In the last 

years, significant advances have been achieved in the development of definite scaffolds geometries 

including hydrogels, three-dimensional polymeric scaffold, microspheres, acellular scaffolds and fibres 

scaffolds, among others [102]. Furthermore, it is important refer that scaffolds should have an 

interconnected pore structure and high porosity to ensure cellular penetration and adequate diffusion of 

nutrients to cells within the construct and to the extracellular matrix formed by these cells [103].  

Various engineering materials, including ceramics, metals (alloys), polymers and composites, have 

been developed to replace/support the function of biological materials. Metal, alloys and ceramics 

materials are being replaced by polymers because the developing scaffolds with the optimal 

characteristics, such as the strength, rate of degradation, porosity, and microstructure, as well as their 

shapes and sizes, are more readily and reproducibly controlled in polymeric scaffolds. Polymers are light 

weight, inexpensive, mechanically and electrically tough and show excellent compatibility with other 

organic and inorganic materials for the development of multifunctional hybrid systems [101]. 

As mechanical stimuli found throughout many human body activities, piezoelectric materials and 

mechano-electrical transduction demonstrate large potential for TE. Table 1.1 summarizes the main 

studies on scaffold morphologies that can be used to produce piezoelectric materials in the form of films, 

fibres, porous membranes and 3D scaffolds [12] for TE applications. 
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Table 1.1. Scaffold designs from piezoelectric materials for different tissue engineering applications. 

Adapted from [12]. 

Applications Scaffold design Piezoelectric materials References 

Bone 
regeneration or 

bone TE 

Films 

Poly(vinylidene fluoride)(PVDF)/copolymers 
Poly(L-lactic acid)(PLLA) 
Poly(hydroxybutyrate)(PHB)/copolymers 

[38, 104-108] 
[109] 
[110] 

Fibres 

PVDF/copolymers 
PLLA  
PHB/copolymer 
Composite poly(lactic acid) /demineralized 
bone powders 

[111] 
[112] 

[110, 113] 
[114] 

3D blends / 
blends 

membranes 
(porous) 

PVDF/copolymers 
PHB/copolymers 
Composite PVDF/starch/natural rubber (NR) 
Composite Poly(vinylidene fluoride-co-
trifluoroethylene) (P(VDF-TrFe))/strarch/NR 

[115] 
[116] 
[115] 
[115] 

Membranes P(VDF-TrFe)/Barium titanate [117] 

3D porous 
scaffold 

PLLA covered with bonelike apatite 
Apatite/collagen 

[118] 
[118] 

Muscle 
regeneration 

Films PVDF [40] 

Fibres 
PVDF 
Composite Au-PLLA 

[40, 119] 
[120] 

Meshes PVDF [121] 

Nerve 
regeneration 

Films 
PVDF 
P(VDF-TrFE) 

[18, 122, 123] 
[18, 124] 

Fibres 
P(VDF-TrFE) 
Collagen 

[124, 125] 
[126] 

Blends 
membranes 

(porous) 
PVDF [127] 

Channels/tubes 
PVDF 
P(VDF-TrFe) 

[128, 129] 
[130] 

3D porous 
scaffold 

PLLA [131] 

3D gel matrices Collagen [132] 

1.2.2.1 Electrospinning 

The development of nanofibres has widened the scope for fabricating scaffolds that can potentially 

mimic the architecture of natural human tissue at the nanometer scale. There are three main techniques 
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available for the synthesis of nanofibres: electrospinning, self-assembly and phase separation [102]. 

Electrospinning (ES) has attracted much attention not only because of its versatility in spinning a wide 

variety of polymeric fibres but also because of its consistency in producing fibres with submicron thickness 

[133]. The technique can be easily employed in the laboratory and can be scaled up to an industrial 

process [134]. The setup essentially consists on a capillary tube, a needle, attached to a syringe filled 

with the polymer solution, a grounded collector and a high voltage power supply connected to the capillary 

and the collector (figure 1.4) [134]. 

 

Figure 1.4. Schematic representation of the preparation of β-PVDF fibres by electrospinning. (i) The PVDF 

solution is poured into a syringe; (ii) the syringe pump is turned on to apply a positive voltage to the 

needle and (iii) fibres will be formed according to the solution concentration  [135]. 

 
During the electrospinning process, a polymer solution is held at the needle tip through surface 

tension. The application of an electric field using the high-voltage source causes a charge to be induced 

within the polymer, resulting in charge repulsion within the solution. This electrostatic force opposes the 

surface tension; eventually, the charge repulsion overcomes the surface tension, causing the initiation of 

a jet. As this jet travels, the solvent evaporates, and an appropriate collector can be used to capture the 

polymer fibre [136]. 

Electrospun fibre scaffolds have a high surface to volume ratio and, together with their microporous 

structure, can enhance cell adhesion, migration, proliferation and differentiated function, all of which are 

highly desired properties for TE applications [137]. Polymers can be easily processed by electrospinning 

and consequently, this potential makes smart electrospun polymers materials viable candidate for bone, 

neuronal, cardiac, and muscle, among others, TE applications. Table 1.2 summarizes some electrospun 

polymers with specific smart functions, together with the respectively application.  
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Table 1.2. Some relevant electrospun smart materials for different tissue engineering. 

Effect of smart 
material 

Tissue engineering 
applications 

Polymers References 

Piezoelectric 

Bone 

Collagen 

Cellulose 

Chitin 

Keratin 

PVDF 

PHB 

PLLA 

[138] 

[139] 

[140] 

[141] 

[111] 

[142] 

[143] 

Muscle 
Collagen 

PVDF 

[144] 

[40] 

Nerve 
PHB 

PLLA 

[145] 

[146] 

Others Applications (skin 

substitutes or wound healing, 

cartilage) 

PHB 

PLLA 

Collagen 

[147] 

[148] 

[149, 150] 

Conductive 

Scaffolds 
Cardiac 

Poly(aniline) 

(PANI) 
[151, 152] 

 

1.3 Smart materials for tissue engineering 

Many tissues in the human body undergo physical stimulation, namely through electrical and 

mechanical stimuli (figure 1.5a). Figure 1.5b shows the tissues that can be stimulated with the designed 

platform to improve tissue regeneration. In addition, there are also tissues in the human body which are 

piezoelectric. In this sense, it is important to use active materials, notably piezoelectric polymers for TE 

which in recent years has been validated as a promising approach because they can give the electrical 

and mechanical stimuli that tissues require. 
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Figure 1.5. (a) Representative human body tissues and cells in which electrical and electromechanical 

signals are relevant; (b) conductivity and mechanical properties of different tissue. Adapted from [153]. 

 
In particular, piezoelectric and ME polymers with different morphologies have been used with 

different cell type. However, most of these studies were performed in static conditions. The piezoelectric 

and ME effect is only proven when dynamic conditions (either mechanical or electrical) are applied (Table 

1.3), otherwise, only the suitability of the materials and the significance of the surface charge, when the 

material is poled, are demonstrated [12].  
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Table 1.3. Biomaterial, cell culture condition and cells used for different applications. 

Biomaterial Conditions Cells Application Ref. 

PVDF positively poled 

-Mechanical stimulation Goat marrow 

Bone 
 

[106] 
-Mechanical stimulation in 
vertical vibration 
-Frequency = 1Hz 
-Amplitude ≈1mm 

MC3T3-E1 pre-
osteoblast 

[38] 

PVDF negatively poled 

-Mechanical stimulation in 
vertical vibration 
-Frequency = 1 Hz  
-Maximum amplitude ≈1mm 

Human adipose 
stem 

[108] 

Terfenol-D/P(VDF-TrFE) 

-Magnetic stimulation;  
-Active time = 16 h (10 min of 
active time and 20 min of 
repose time); 
-Non-active time = 8 h; 
-Frequency = 0.3 Hz; 
-Displacement of permanent 
magnets ≈ 20 mm; 
-Maximum value = 230 Oe;  
-ME voltages = 0.115 mV.  

MC3T3-E1 pre-
osteoblast 

[154] 

Colagen type I 

-Stretched cyclically along the 
long axis  
-Frequency = 1 Hz 
-Magnitude = 10 000 μstrain 
(1%) 
-Number of cycles = 1800 
-Time = every day for 30 min 
over a period of 3 weeks. 

Human 
osteoblastic 
precursor 

[155] 

PVDF and P(VDF-TrFe) 

-Sinusoidal output (vibrational 
forces); 
-Peak voltage ≈ 2.5mV;  
-Frequency = 1200Hz 
-Standard incubator shelves 

Mouse 
neuroblastoma 

Nerve 

[156] 

PLLA/PANI 

-A silver electrode and a 
platinum electrode were 
inserted to opposite ends of 
the nanofibrous scaffold;  
-Constant voltage = 1.5 V; 
-Time = 60 min; 
-Electric field = 100 mV/mm. 

Nerve stem 
cells 

[157] 

Polyurethane/PVDF 
-Intermittent deformation of 8% 
-Frequency = 0.5 Hz 

NIH3T3 
Wound 
healing 

[158] 

 

PVDF and its copolymers constitute the most used piezoelectric polymer for TE due to their stronger 

piezoelectric response [67]. In particular, most of the studies describing cell response under dynamic 

stimulation use PVDF as a support for cell proliferation and differentiation. Rodrigues et al. showed that 
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-PVDF positively charged films provide an adequate environment for enhancing the growth and 

differentiation of goat marrow cells into osteoblast in dynamic conditions, being an ideal support for the 

seeding and the development of undifferentiated cells towards a desired phenotype [106]. The 

combination of biochemical and physical stimuli can successful mimic a biomimetic microenvironment 

present in the human body. Ribeiro et al. showed that PVDF negatively charged films [107] under dynamic 

conditions, more specifically mechanical stimulation, lead to enhanced osteogenic differentiation of 

human adipose stem cells, which was confirmed by detection of higher alkaline phosphatase activity 

[108]. In the presence of PVDF films, MC3T3-E1 pre-osteoblast cells showed different responses. In the 

presence of positively charged -PVDF films and with mechanical stimuli, higher osteoblast adhesion and 

proliferation was observed [38]. These results were confirmed in in vivo studies where -PVDF films were 

implanted into a bone defect, significantly demonstrating more defect closure and bone remodeling. In 

this case, the mechanical solicitations are obtained by the rat movements [159]. Other piezoelectric 

polymers such as collagen type I have also been used, where 3D samples mechanically stretched to 

promote proliferation and differentiation of human osteoblastic precursor cells through gene expression 

regulation related to the early and late stages of osteoblastic differentiation [155]. 

A novel approach for TE applications has been achieved with biomaterials with ME response. 

Magnetoelectric Terfenol-D/P(VDF-TrFe) composites promote ≈25% of MC3T3-E1 pre-osteoblast cell 

proliferation when the cells are cultured under mechanical and electrical stimulation remotely triggered 

by varying magnetic field [56]. ME electrospun fibres based on CFO/PVDF [160] have also been reported, 

with suitable ME response for TE applications.  

 
For muscle regeneration, although this tissue type is not piezoelectric, it was already proven that a 

charged surface enhances cell proliferation [40]. However, until now, the studies under dynamic 

conditions with piezoelectric biomaterials are yet to be performed contrarily to bone tissue. Previous 

studies reported that skeletal muscle cells exhibited viscoelastic behaviour that changed during 

differentiation: the apparent elastic modulus increased from 11.5 ± 1.3 kPa for undifferentiated myoblasts 

to 45.3 ± 4.0 kPa after eight days of differentiation [161]. The electrical conductivity of the native skeletal 

muscle tissue is approximately 0.04-0.5 S/m [162]. 

1.4 Skeletal Muscle tissue engineering 

Although many cell types constitute the human body, they are organized into four broad categories 

of tissues: epithelial, connective, muscle and nervous. Each of these categories is characterized by 
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specific functions that contribute to the overall health and maintenance of the human body [163]. Muscle 

tissue is characterized by properties that allow movement. Muscle cells are excitable since they respond 

to a stimulus. They are contractile, meaning they can shorten and generate a pulling force. When attached 

between two movable objects, in other words, between bones, contractions of the muscles cause the 

bones to move. Some muscle movement is voluntary, which means it is under conscious control. For 

example, a person decides to open a book and read a chapter on anatomy. Other movements are 

involuntary, meaning they are not under conscious control, such as the contraction of your pupil in bright 

light [164, 165]. Muscle tissue is classified into three types according to structure and function: skeletal 

[166] , cardiac [167] and smooth[168]. 

With more than 600 individual muscles, skeletal muscle represents the largest tissue mass of the 

body and is essential for motion and support. Skeletal muscles are distinct from both cardiac and smooth 

muscles in that they can be voluntary controlled by the organism [169]. Furthermore, the creation of 

skeletal muscle tissue using TE methods holds promise for the treatment of a variety of muscle diseases, 

including skeletal myopathies such as muscular dystrophy or spinal muscular atrophy [170]; in addition, 

traumatic injury, aggressive tumor ablation, and prolonged denervation are common clinical situations 

that often result in significant loss of muscle tissue and require subsequent surgical reconstruction [171]. 

Skeletal muscle exhibits a high degree of structural organization (figure 1.6). Each muscle is 

composed of thousands of multinucleate muscle fibres (differentiated (fused) muscle cells), which run in 

parallel to each other and have relatively consistent diameter [172].  

 

Figure 1.6. Schematic illustration of anatomic structures and organization of skeletal muscle tissue [173]. 
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Each muscle fibre is densely packed with myofibrils throughout their core, and as such organelles 

such as nuclei and mitochondria are located peripherally in the mature muscle fibre [174]. The myofibrils 

contain repeating contractile units termed sarcomeres (approximately 2.3 µm long), which form the basis 

for muscular contraction and thus force its production, as well as endowing skeletal muscle with its 

striated appearance [172]. 

The structure of the sarcomere was first published in 1953, revealing that each repeating sarcomere 

principally contained two fibrous proteins, thin actin filaments and thick myosin ones, organized in a 

precise manner [175, 176]. Actin and myosin proteins represent approximately 70% of the total protein 

content of a single fibre and are the main component of sarcomeres [177]. According to the structure 

and function of skeletal muscle, the requirements of engineered muscle are as follows: reconstructed 

muscle is a parallel alignment of myofibrils with myosin/actin filaments, intracellular calcium storage, 

and acetylcholine receptors, which are needed for creating direct forces and functional use [171].  

Myofibrils are bundled within the massive cytoplasm of a multinucleated syncytium, the muscle cell 

or myofibre; motoneuron connections in the cell membrane (the sarcolemma) regulate the flow of calcium 

ions through the sarcoplasmic reticulum, necessary for the contraction of the myofibrils [178]. 

It should be noted that skeletal muscle fibres differ in their phenotypes depending on their myosin 

heavy chain isoform, which results in differences in twitch speed. Type I fibres express slow-twitch myosin 

heavy chain (MHC) isoforms and are suited for endurance while type II fibres express fast-twitch MHCs 

that are suited for short and high intensity work [179].  

Differentiation of mononucleated myoblasts into differentiated multinucleated myotubes can be 

analysed by investigating the expression of marker genes that play distinct roles during myogenesis. 

Among these genes, myogenic regulator factors (MRF) play essential roles [180]. These transcription 

factors contain a basic helix loop helix DNA-binding domain and function as promoters for several muscle 

specific genes. Two important transcription factors of myogenesis are Myo and myogenin, both members 

of the MRF family. MyoD, acting as a myogenic differentiation factor, is upregulated in the early stages of 

myogenesis and induces fusion of myoblasts and reduction of proliferation. It accomplishes this by up 

regulating cell cycle inhibitors (p21) and downregulating cell-cycle activators, such as cyclins and cyclin-

dependent kinases [181]. Myogenin arises in later stages of differentiation and acts more specifically in 

the formation of multinucleated muscle tissue, as seen in myogenin-deficient knock-out mice which 

terminate muscle formation due to insufficient myoblast fusion [182]. Both transcription factors are 

upregulated during the process of skeletal muscle formation and can function as markers of 
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differentiation. Mature myotubes can be identified by CD  56, alpha-sarcomeric actin, myogenin, MRF 4, 

MyoD or Myf 5 stainings (Table 1.4) [183].  

 
Table 1.4. Markers of skeletal muscle differentiation. Adapted of [184]. 

Expression Markers 

Muscle derived cell CD 34 

Satellite cell CD34, CD 56, Myf 5, desmin 

Myotube 
CD 56, alpha-sarcomeric actin, myosin heavy 

chains, Myogenin, MRF 4, desmin 

 

Several intracellular pathways are responsible for enhancing proliferation and differentiation 

expression of cell genes during muscle development.  

 

1.4.1 Mechanical and electrical signals for engineered skeletal muscle 

Skeletal muscles are continuously under mechanical tension in vivo, either as an antagonist or an 

agonist during eccentric contractions as well as the nerve-induced electrical activation of skeletal muscle 

that is indispensable for normal tissue development and contractile function [185, 186]. These 

microenvironments present in the human body demonstrate that this tissue reacts to electro-mechanical 

stimuli. So, it is important to study the effects in cell cultures combining chemical and physical 

stimulations [187].  

Electrical stimulation is of particular interest because of the indisputable role of the electrical cues 

issued by the central nervous system during the development of skeletal muscles in vivo [188]. The 

parameters of the applied electric field can be modulated, according to the desired type of response. It 

has been shown that depending on whether the regimen applied is direct or alternative, and depending 

on the voltage/intensity range, it accelerates sarcomere assembly, promoting cell proliferation, 

differentiation, and/or muscle cell alignment [186, 189-196]. Some studies pointed out that electrical 

stimulation makes intracellular calcium release possible [197]. Others showed that it acts via the 

activation of PI3K, p38 signaling pathways [198].  

In parallel, mechanical stresses also play a role in muscle cell growth, differentiation, and function 

because of the contractile and elastic nature of skeletal muscle [199]. When cells grow on a scaffold, a 

variety of stretch regimes can be applied. Thus, by modulating the cycle, stretching elongation and 

duration, muscle cell changes and functionality can be modulated [200-207]. It seems that cell stretching 
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induces the activation of FAK via integrin, leading to an increase in gene expression [208]. Other studies 

suggest that stretching may also influence the passage of calcium via the ion channels [209, 210] and 

activate PI3K and p38 signaling pathways [211, 212]. 

More importantly, there is growing evidence that a combination of chemical and physical stimulations 

in addition to surface topography and scaffold composition may be a solution for generating safe and 

functional muscle constructs in vitro [177, 178]. 

Biomaterials based on conducting polymers are especially useful for engineering electrical-sensitive 

tissues such as skeletal muscles, cardiac muscles, nerves, skin and bones [213]. Relatively to the skeletal 

muscle, the literature demonstrates more studies with  the aligned conductive nanofibres since the 

aligned structure of the scaffolds can mimic the anisotropic structure of elongated myofibres in skeletal 

muscle [213-218]. 

However, although conducting polymers were shown to be biocompatible in vitro, systematic and 

long-term studies of their in vivo biocompatibility and biodegradability are still needed. In this sense, the 

piezoelectric polymers can introduce the biocompatibility as well the mechanical and electric stimulus 

that skeletal muscle tissue need. These polymers already demonstrated huge potential for bone tissue 

on static and dynamic conditions, and previous studies already demonstrated that these polymers have 

influence on C2C12 myoblast proliferation in static conditions using PVDF polymer through the surface 

charge. Previous studies have demonstrated that negatively charged surface of PVDF improve cell 

adhesion and proliferation and that the directional growth of the myoblast cells can be achieved through 

the use of aligned fibres. It was observed that fibre orientation influences cell behaviour in the scaffold, 

C2C12 myoblast cells alignment along the direction of the fibres within the matrix [40].  

 
1.5 Objectives 

The main objective of this work was the development of multifunctional piezoelectric nanocomposite 

scaffolds with selected architectures and fillers for biomedical applications, in particular for skeletal 

muscle TE applications, being those cells subjected to electromechanical stimuli during their normal 

functioning in order to evaluate their biological response. 

In summary, the main specific objectives of this work were: 

▪ The production and characterization of silica nanoparticles with tailor made characteristics 

(fluorescent, charged groups and different diameters). 

▪ The production of scaffolds, films and other microstructures such as electrospinning, with 

controlled morphology and surface properties of different electroactive polymer composites. 
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▪ Evaluation of the influence of the scaffold parameters (morphology, surface wettability, 

roughness, electroactivity) on growth, proliferation and differentiation of muscle cells. 

▪ The study the selected scaffolds for myoblast culture under static and dynamical conditions by 

electrical and mechanical stimulation. 

 
1.6 Structure of the work and methodology 

The present thesis is divided in seven chapters, six of them based on published or submitted 

scientific manuscripts. The sequence of these chapters intended to provide a comprehensive and logical 

account of the progress achieved during the present research as well as the research methodology used. 

The work was based preferentially on piezoelectric polymer PVDF, due to its biocompatibility, highest 

piezoelectric constant and the different morphologies that can be easily obtained. A summary of the work 

covered in each chapter is briefly described below. 

Chapter 1 presents the motivation of the thesis giving a general introduction to the work. The main 

objectives and the structure of the thesis are also presented. It is of notice that the specific state of the 

art on the different issues related to the present work is provided in each of different chapters.  

After, to better understand the importance of physical stimuli for the cells and the potential of 

piezoelectric polymers to give these stimuli, Chapter 2 is based on the two published works where SiNPs 

were incorporated in PVDF matrix in order to improve the piezoelectric phase by nucleation of the β-phase 

of PVDF. Additionally, these nanoparticles may be used for drug delivery of proliferation/differentiation 

factors. So, this chapter is dedicated to the production of PVDF nanocomposites with different 

morphologies, such as porous and non-porous films, and fibres with SiNPs with different content, 

diameter and functionalization. Structural, morphological, optical, thermal and mechanical properties of 

the nanocomposites were evaluated. The wettability of the samples was also reported. Cytotoxicity and 

cell proliferation studies were also performed.  

Therefore, the functionalization of SiNPs can nucleate the electroactive phase of PVDF, however it is 

also important to study the introduction of other active nanoparticles that can give stimulation to the cells. 

Another important parameter is the morphology of the biomaterial and since the microenvironment of 

muscle in the human body is fibrillar, piezoelectric fibres were produced in order to mimic this 

morphology. For this, Chapter 3 reports on the production of PVDF aligned and randomly oriented fibres 

by electrospinning with and without magnetic nanoparticles and the influence of fibre orientation on their 
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mechanical properties by strain-stress assays. The angle between the stretch direction and the fibre 

direction was varied as well as the stretching level up to 100%. The influence of these parameters on the 

morphology, fibre average diameter and orientation, wettability, electroactive phase content and degree 

of crystallinity was studied. The young modulus and respective yield point were also evaluated and related 

with the others. The potential application of the CFO/PVDF fibres was also evaluated through cytotoxicity 

studies. 

Before studying the effect of physical stimuli on muscle differentiation with the different 

nanocomposites and bioreactors (dynamic conditions), it is important understand the influence of PVDF 

surface properties, in terms of the poling state, positive or negative net surface charge. In this way, 

Chapter 4 evaluates the influence of this parameter and also of the morphology, films and fibres, on 

myoblast differentiation under static conditions by immunofluorescence staining. The quantitative analysis 

by myotube fusion, maturation index, length, diameter and number of myotubes was presented and 

discussed.  

The cell material interactions also play a key role in the development of scaffold-based TE. As it was 

verified that the surface charge of biomaterial improves the cell differentiation, and knowing that cell 

adhesion will influence cell behaviour, namely cell proliferation and differentiation, Chapter 5 focuses on 

the influence of the PVDF surface charge on cell adhesion. The cytoskeletal organization of C2C12 

myoblast cells on PVDF with and without proteins was studied by immunofluorescence staining 

characterizing cell length and diameter. The interactions between single live cells and PVDF were analyzed 

using an Atomic Force Microscopy (AFM) technique termed Single Cell Force Spectroscopy (SCFS) and 

related with cytoskeletal variations. 

After verification that the surface charge of piezoelectric polymer can enhance myoblast 

differentiation, it is important to study the effect of mechanic-electrical stimuli the cell differentiation. For 

that, CFO/P(VDF-TrFE) films were produced. Therefore, Chapter 6 is dedicated to study the influence of 

the polarization of electroactive CFO/P(VDF-TrFE) films on the biological response of myoblast cells 

cultivated under static and dynamic conditions. Myoblast differentiation was analyzed by 

immunofluorescence staining and creatine kinase functional assay. The quantitative analysis of myotube 

fusion, maturation index, length, diameter and number of myotubes was presented and discussed. The 

mechano-electrical stimuli given to the cells through the use of these films was also quantified. 
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Finally, Chapter 7 compiles the main conclusions of the work presented in this thesis and proposes 

some suggestions for future work research directions. 
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 Multifunctional platform based on 

electroactive polymers and silica nanoparticles for tissue 

engineering applications  
  

Poly(vinylidene fluoride) can be processed with various morphologies and dimensionalities by different methods. The 

introduction of nanoparticles into a matrix can improve the piezoelectric phase of the material and offer new functions 

important for regulating cell response, such drug delivery (proliferation/differentiation factors). This chapter builds on 

how different SiNPs diameter and functionalizations influence the features of the produced nanocomposites, such as 

physico-chemical properties and electroactive β-phase content. Cell viability was also characterized using myoblasts 

seeded on nanocomposites with all the different morphologies and containing SiNPs of varying diameters in order to 

evaluate the potential of these materials for muscle tissue engineering. 
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2.1 Introduction 

The development of advanced multifunctional materials is essential for the development of society 

[1]. Nanocomposites are among the most important materials for an increasing number of applications 

due to the possibility of tailoring materials properties to meet specific application demands in areas 

ranging from sensors and actuators [2, 3] to food packaging [4, 5] and TE [6, 7], among others. The 

introduction of inorganic nanomaterials into polymers allows the combination of the rigidity and high 

thermal stability of the inorganic material with the ductility, flexibility and processability of the organic 

polymers [8], as well as the introduction/tuning of further functionalities such as magnetic [9], 

mechanical[10] or electrical properties [11, 12]. Typical nanomaterials include nanoparticles, nanotubes, 

nanofibres, fullerenes and nanowires [13]. Among nanomaterials, silica is widely present in the 

environment and has several key features [14].  

Properties of silica nanoparticles (SiNPs), such as high mechanical strength, permeability, thermal 

and chemical stability, relatively low refractive index, high surface area and the fact of being used for 

coatings of other particles, such as magnetic and quantum dots [15-17], make these nanoparticles highly 

applicable [18]. Furthermore, their biocompatibility and the different possibilities to functionalize them 

are the basis of their large potential for biomedicine and TE applications [19]. Silica nanostructures have 

been extensively used as supports or carriers in drug delivery [20, 21], nanomedicine [22, 23] and 

bioanalysis [24]. Their characteristics can be tuned during synthesis to obtain a wide range of particle 

diameters ranging from 20 to 500 nm, different pore sizes and the incorporation of molecules such as 

drugs or fluorophores [24], as well as magnetic nanostructures [25]. Mesoporous silica nanoparticles 

(MSNPs) [20, 26] have attracted particular attention for their functionalization versatility. Silica-based 

mesoporous nanoparticles, due to the strong Si-O bond compared to liposomes and dendrimers, are 

more resistant to degradation and mechanical stress, inhibiting the need of any external stabilization of 

the MSNPs [27, 28]. 

With respect to TE, different tissues require different microenvironments for suitable regeneration 

[29]. Thus, muscle tissue displays electromechanical response and needs electrical stimulation to support 

ionic exchange, mainly sodium by calcium ion [30]. In this context, electroactive polymers such as 

magnetoelectric [31, 32], piezoelectric and conductive polymers [33], among others [34], show strong 

potential for TE applications. Among the different electroactive polymers, piezoelectric polymers have 

already shown their suitability for TE [6, 29] due to their capacity to vary surface charge when a 

mechanical load is applied or vice versa. These materials can play a significant role because the electric 

stimulation can be found in many living tissues of human body, namely neural tissue [35] and bone [36, 



Chapter 2 – Multifunctional platform based on electroactive polymers and silica nanoparticles for tissue engineering 
applications 

 

39 
 

37], and it can provide electromechanical solicitations for muscle [38]. PVDF is the biocompatible 

piezoelectric polymer with the highest piezoelectric response. It can crystallize in five differentiated 

crystalline phases α, β, γ, δ, Ɛ, being the -phase the one with the highest piezoelectric response and 

consequently the most desirable for applications in areas such as sensors and actuators, biomedicine or 

energy harvesting, where an active electrical response is needed [39, 40]. It can also be processed in 

different morphologies, including films, fibres, spheres, membranes, and 3D scaffolds [29, 41] providing 

a suitable platform for TE. 

In order to further exploit the applicability of PVDF in regenerative medicine, polymer nanocomposites 

based on PVDF using silica nanoparticles with different diameters and different functionalizations were 

prepared, improving the electroactive characteristics of PVDF with the aforementioned characteristics of 

MSNPs for biomedical applications. Together with the physico-chemical characteristics of the developed 

composites, their biocompatibility was evaluated in murine myoblast cells. 

 
2.2 Experimental Section 

2.2.1 Materials 

PVDF (Solef 1010) was purchased from Solvay and N,N-dimethylformamide (DMF) from Merck. 

Absolute ethanol (EtOH, 99.5%), ammonium hydroxide solution (NH4OH, 28% in water), tetraethyl 

orthosilicate (TEOS, 99%), N-trimethoxysilylpropyl-N,N,N-trimethylammonium chloride (50% in methanol), 

and 3-triethoxysilylpropylsuccinic anhydride (95%) were purchased from Sigma-Aldrich and used as 

received. Toluene was distilled over calcium hydride prior to use. Deionized water from a Millipore (Oeiras, 

Portugal) system Milli-Q ≥ 18 MΩ cm was used in the synthesis of the silica nanoparticles. 

Perylenediimide derivative (PDI) was synthesized according to the literature [42]. 

 
2.2.2 Silica Nanoparticles 

2.2.2.1 Preparation of silica nanoparticles 

The fluorescent silica nanoparticles, doped with fluorescent dye (PDI) were prepared by a modified 

Stöber method [6, 18]. Water, absolute ethanol, and PDI (previously dispersed in ethanol, 1×10-6 M) were 

mixed and after 30 min, the ammonia solution was added to the mixture, followed by TEOS. The reaction 

was kept under stirring at constant temperature for 24 h. After that time, the nanoparticles were recovered 

and washed with ethanol (3 cycles of centrifugation). Nanoparticle centrifugation was performed on 

a centrifuge Sigma 2K15, with a 12 141 rotor. The nanoparticles were redispersed in ethanol and dried 
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at 50 ºC in a ventilated oven. The experimental details for the different diameters are provided in Table 

2.1. 

 
Table 2.1. Experimental details used for the preparation of the SiNPs. 

Particle diameter 
(nm) 

EtOH (g) H2O (g) 
PDI 

solution 
(mL) 

NH3 

(mL) 
TEOS 
(mL) 

Reaction 
temperature (ºC) 

17 84.13 7.99 3 1.51 4.46 50 

100 105.73 4.65 4 6.68 9.00 30 

160 53.18 11.03 4 2.67 4.46 50 

300 53.18 11.03 4 2.67 4.46 30 

 

 

The Silica nanoparticles-PDI without any functionalization (SiNPs-WF) with the lower diameter, were 

used to perform two different types of functionalization, anionic and cationic groups in the surface of 

nanoparticles. Their chemical structure was presented in figure 2.1 and the properties of these 

nanoparticles are shown in table 2.2. 

  
2.2.2.1.1 Cationic Silica Nanoparticles  

The modification of the SiNP surface with cationic groups was performed by dispersing 1.1 g of SiNP 

in a solution of N-trimethoxysilylpropyl-N,N,N-trimethylammonium chloride (0.6 mL) in dry toluene 

(55 mL). The reaction mixture was left under reflux and argon atmosphere for 24 h. The nanoparticles 

were recovered and washed with ethanol (three cycles of centrifugation) and then redispersed in ethanol 

and dried at 50 ºC in a ventilated oven. The surface modification was confirmed and quantified by Nuclear 

Magnetic Resonance (NMR), following a method described in the literature [43]. These nanoparticles are 

denominated SiNPs-PF due to the presence of a positive group (NMe3
+) in the SiNPs surface (table 2.2).  

 

2.2.2.1.2 Anionic Silica Nanoparticles  

The procedure to modify the SiNP surface with anionic groups was similar to the one used for cationic 

functionalization but using 3-triethoxysilylpropylsuccinic anhydride (0.3 mL) as modifying agent. To 

hydrolyze the anhydride and obtain the anionic carboxylate groups, the nanoparticles were suspended in 

50 mL of water and left under stirring at 70 ºC for 6 h. The nanoparticles were recovered and washed 

with ethanol and dried at 50 ºC in a ventilated oven. The surface modification was confirmed and 
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quantified by NMR, following a method described in the literature [43]. These nanoparticles are 

denominated SiNPs-NF due to the presence of a negative group (COO-) in the SiNPs surface (table 2.2).  

 

Figure 2.1. Schematic representation of the chemical structure of the SiNPs without and with positive and 

negative functionalization. 

 
2.2.2.2 Characterization of the SiNPs 

Transmission electron microscopy: Transmission electron microscopy (TEM) images were obtained 

on a Hitachi transmission electron microscope (model H-8100 with a LaB6 filament) with an acceleration 

voltage of 200 kV. One drop of the dispersion of particles in ethanol was placed on a carbon grid and 

dried in air before observation. The images were processed with the Fiji software. 

Zeta potential: The surface charge of the nanoparticles was estimated with the use of zeta potential 

instrument (Zetasizer NANO ZS-ZEN3600, Malvern). The zeta potential of the fluorescent SiNPs with 

different diameters and functionalizations were evaluated at different pH (3, 5, 6, 7, 11, 13). To adjust 

the pH, it was used a solution of HCl (1M) and NaOH (1M). The average value and standard deviation for 

each sample were obtained from 6 measurements. 

Hydrodynamic diameters and zeta potential values of the nanoparticles were obtained using a 

Zetasizer Nano ZS equipped with a 4 mW He–Ne solid-state laser operating at 633 nm and backscattered 

light detected at 173°. To determine the hydrodynamic diameter of the nanoparticles, the autocorrelated 

function was analyzed by the CONTIN method. Zeta potentials were calculated from electrophoretic 
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mobility using the Smoluchowski relationship. Disposable folded capillary cells (DTS1070) were used for 

the measurement of zeta potentials. All measurements were performed in triplicate.  

 

Table 2.2. Characterization of Silica Nanoparticles without and with functionalization (negative and 

positive). 

 Diameter 
(DLS) 

Functionalization (NMR) Zeta-potencial 
(mV) 

at pH=6 

Denomination 

mmol.g-1 Molecules.nm-2 

SiNP 

16 ± 1 nm 

 ---------          ---------- -25.8 ± 1.54 WF 

Ani-SiNP 0.76 1.9 -34.3 ± 1.08 NF 

Cat-SiNP 1.0 2.5 8.64 ± 0.58 PF 

 

2.2.3 Nanocomposite samples 

2.2.3.1 Preparation of the SiNPs/PVDF nanocomposites 

To evaluate the different diameters, SiNPs/PVDF nanocomposites were prepared with 16 wt.% of 

SiNPs by dispersing the respective mass of SiNPs in the DMF solvent within an ultrasound bath for 4 h 

at room temperature, to ensure good dispersion of the nanoparticles and avoid nanoparticles 

agglomeration. The filler concentration was selected based in [44], as it shows a suitable filler content 

without compromising the mechanical characteristics of the polymer matrix and allowing a suitable 

dispersion of the filler. After obtain a good dispersion of the nanoparticles, PVDF was added with a 

concentration of 20 wt.% and the solution was magnetically stirred at room temperature until the complete 

dissolution of the polymer. The materials were then prepared by different production methods [41]. 

First, SiNPs/PVDF samples (porous and non-porous films) were prepared by solution casting on a 

clean glass substrate and, in some cases, melted at different temperatures for different times (table 2.3). 

The different preparation conditions allow to tailor both porosity and to study the possibility of the 

nucleation of the electroactive β-phase of the polymer by the fillers [45]. The thickness of the films ranges 

from 30 to 50 µm. 

 

 

 

 



Chapter 2 – Multifunctional platform based on electroactive polymers and silica nanoparticles for tissue engineering 
applications 

 

43 
 

Table 2.3. Denomination, relevant preparation conditions and morphology of the PVDF and 

nanocomposite samples prepared in this work. 

Morphology 
Temperature 

(ºC) 

Time to 

melt/dry 

(min) 

Diameter 

of the 

nanoparticles 

(nm) 

Samples 

morphology (P: 

porous; NP: 

non-porous) 

Denomination 

Films (F) 

90 30 

--- NP F90-NP 

17 NP F90-17NP 

100 NP F90-100NP 

160 NP F90-160NP 

300 NP F90-300NP 

210 10 

17 

NP F210-17NP 

Room 

temperature 

(Tamb) 

---- P FTamb-17P 

Oriented 

fibres (O) 
---- ---- P O-17P 

Random 

fibres (R) 
---- ---- P R-17P 

 

For SiNPs/PVDF electrospun fiber mats, the solution was placed in a plastic syringe (10 mL) fitted 

with a steel needle with inner diameter of 0.5 mm. After an optimization procedure, electrospinning was 

conducted with a high voltage power supply from Glasman (model PS/FC30P04) at 14 kV with a feed 

rate of 0.5 mL.h-1 (with a syringe pump from Syringepump). The electrospun fibres were collected in an 

aluminum plate (placed at 20 cm from the needle) and in a rotating drum (1500 rpm) to obtain random 

and oriented nanofibres, respectively.  

Table 2.3 summarizes the main characteristics of the samples and the corresponding denomination 

that refers the type of sample and processing temperature, the nanoparticle diameter and the composite 

morphology. For example, F90-17NP is a film (F) obtained at 90 ºC (90) with nanoparticles with a 

diameter of 17 nm (17), which is non-porous (NP). 

To study the different functionalizations into PVDF matrix, the preparation of the pristine PVDF films, 

PVDF was first dissolved in DMF, under magnetic stirring, in a polymer concentration of 15 wt.%, following 

the guidelines presented in [41]. The SiNPs/PVDF nanocomposites were prepared by the same method 

as mentioned above, but with 8, 16 and 32 wt.% of each three different SiNPs nanoparticles (SiNPs-WF, 

-NF and -PF). The pH of the prepared SiNPs/PVDF mixture was approximately 6 [46]. The PVDF and 
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SiNPs/PVDF nanocomposites films were obtained then by the solvent casting method. The samples were 

produced by spreading the solution on a clean glass substrate followed by polymer melting and solvent 

evaporation at 210 ºC for 10 min. Films with a typical thickness of 30 to 50 µm were then obtained after 

cooling down the samples to room temperature. It is to notice that this procedure is the typically one used 

to obtain PVDF in the α-phase [41, 45].  

 

2.2.3.2 Characterization of the SiNPs/PVDF nanocomposites samples 

Scanning electron microscopy: A desktop scanning electron microscope (SEM) (Phenom ProX, 

Netherlands) was used to observe the morphology and microstructure of the PVDF and SiNPs/PVDF 

nanocomposites. This technique was also used to observe the cell morphology seeded on the different 

fibrous samples. All the samples were added to the aluminium pin stubs with electrically conductive 

carbon adhesive tape (PELCO TabsTM). The aluminium pin stub was then placed on a phenom Charge 

Reduction sample Holder. All results were acquired using the ProSuite Software. The images were 

obtained with an acceleration voltage of 10 kV. All results were acquired using the ProSuite software. 

Laser scanning confocal fluorescence microscopy: Laser scanning confocal fluorescence microscopy 

images were obtained with a Leica TCS SP5 laser scanning microscope (Leica Mycrosystems CMS GmbH, 

Mannheim, Germany) using an inverted microscope (DMI6000), a HCX PL APO CS 10x dry immersion 

objective (10x magnification and 0.4 numerical aperture) and a HC PL FLUOTAR 50x dry immersion 

objective (50x magnification and 0.8 numerical aperture). Imaging used the 488 nm line of an argon ion 

laser. 

Water contact angle measurements: Water contact angle (WCA) measurements (sessile drop in 

dynamic mode) were performed at room temperature in a Data Physics OCA20 set up using ultrapure 

water as the test liquid. The samples wettability was determined by using water drops (3 μL) placed onto 

the surface of the samples. Each sample was measured at six different locations and the mean WCA and 

standard deviation were calculated. 

Fourier transform infrared spectroscopy: Fourier transformed infrared spectroscopy (FTIR) 

measurements in attenuated total reflectance (ATR) mode were performed at room temperature, using a 

Nicolet Nexus 670 FTIR-spectrophotometer with Smart Orbit Accessory equipment. The analysis was 

performed from 4000 to 600 cm-1, after 64 scans with a resolution of 4 cm-1. 
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The spectrum of each sample was used to determine the relative content of the electroactive β-

phase in the composite samples, by using the method presented in [45]. In short, the β-phase content 

(Fβ) was calculated by equation 2.1. 

𝐹𝛽 =
𝐴𝛽

(
Kβ

Kα
) × 𝐴𝛼 + 𝐴𝛽  

                                                   (2.1)   

 
where 𝐴𝛽  are the absorbance at 840 𝑐𝑚−1

, and Kβ = 7.7 × 104 𝑐𝑚2𝑚𝑜𝑙−1 is the absorption 

coefficient corresponding to the β-phase, 𝐴𝛼  is the absorbance at 760 𝑐𝑚−1
 and Kα =

6.1 × 104 𝑐𝑚2𝑚𝑜𝑙−1 is the absorption coefficient corresponding to the α-phase. 

Thermal properties: Differential scanning calorimetry (DSC) was carried out with a DSC 6000 Perkin 

Elmer instrument. Samples were cut from the middle region of the films and placed in aluminum pans. 

Then, the samples were heated from 30 to 200 ºC at a rate of 10 ºC.min-1 under a flowing nitrogen 

atmosphere.  

From the melting in the DSC thermograms, the degree crystallinity (Xc) of the samples was calculated by 

the following equation 2.2 [45]. 

𝑋𝑐 =
ΔHf

𝑥ΔHα + 𝑦ΔHβ 
                                                     (2.2) 

 
where ΔHf is the melting enthalpy of the sample, 𝑥 and 𝑦 represent the α- and β-phase content present 

in the sample, respectively, and ΔHα  and ΔHβ  are the melting enthalpies for a 100% α-PVDF (93.04 J.g-

1) and β-PVDF (104.4 J.g-1) crystalline sample respectively. The crystallinity values were adjusted by the 

effective fraction of PVDF in the nanocomposite. 

Thermogravimetry analyses were performed with a thermal analyzer 6000 Perkin Elmer instrument. For 

the measurements, approximately 10 mg of samples were transferred to open ceramic crucibles and 

measurements were performed between 25 and 900 ºC at a heating rate of 10 ºC.min-1 under a flowing 

nitrogen atmosphere.   

Mechanical characterization: Mechanical measurements were carried out with a universal testing 

machine (Shimadzu model AG-IS) at room temperature, in the tensile mode and at a test velocity of 1 

mm.min-1, with a load cell of 50 N. The tests were performed on rectangular samples (30 x 10 mm) with 

a thickness between 30 and 50 μm (Fischer Dualscope 603-478, digital micrometer). 
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The mechanical parameters were calculated from the average of triplicate measurements. The 

Hook’s law was used to obtain the effective Young’s modulus (E ) of PVDF and SiNPs/PVDF 

nanocomposite samples in the linear elastic zone between 0 and 1% strain. 

Electrical and Dielectric measurements 

The electrical conductivity of the samples was evaluated from the current (I ) - voltage (V ) 

characteristic curves using an automated Keithley 487 picoammeter/voltage source. Before analysis, 

gold electrodes with 5 mm diameter were deposited on both sides of the samples by magnetron sputtering 

(Scancoat Six SEM Sputter Coater). The current intensity was measured while applying voltages between 

-0.1 V and +0.1 V (step of 0.01 V). The electrical resistance (R) was determined from the slope of the I-V 

curves and the d.c. (direct current) electrical conductivity () was obtained from equation 2.3.  

𝜎 =
1

(
𝑅𝐴
𝐿 ) 

                                                   (2.3)   

 
where R is the resistance in Ohm, A is the electrode area in square meters and L is the distance between 

electrodes in meters.  

Dielectric measurements were carried out in the parallel plate capacitor configuration using a 

Quadtech 1920 LCR precision meter. The real (ε´) and imaginary (ε´´) part of the dielectric function were 

obtained from the measurement of the capacity (C) and the dielectric losses (tan δ) at room temperature 

in the frequency range of 100 Hz to 1 MHz with an applied voltage of 0.5 V. ε´ and ε´´ were calculated 

with the equation 2.4 and 2.5. 

𝜀′ =
𝐶. 𝑑

𝜀0. 𝐴
                                                        (2.4) 

and  

𝜀′′ = 𝑡𝑎𝑛 𝛿. 𝜀′                                                 (2.5) 

 

where C is the capacitance, 𝜀0 is the permittivity of vacuum (8.85×10-12 F m-1), A is the electrode area 

and d is the thickness of samples.  

 

For these measurements, circular gold electrodes of 5 mm diameter were deposited by a magnetron 

sputtering with a Polaron Coater SC502 onto both sides of each sample.  

The a.c. (alternate current) electrical conductivity (') of PVDF and SiNPs/PVDF composites was 

obtained from the dielectric measurements by the equation 2.6. 
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𝜎′ = 𝜔 · 𝜀0 · 𝜀′′ = 𝜔 · 𝜀0 · 𝜀′ · 𝑡𝑎𝑛 𝛿               (2.6) 

 
where 𝜀0  (8.85 × 10-12 F.m-1) is the permittivity of the free space, 𝜔 = 2 𝜋𝑓  is the angular frequency, 

𝜀′ and 𝜀′′
 are the real and imaginary part of the dielectric constant (equations 4 and 5), respectively, and 

𝑡𝑎𝑛 𝛿 = 𝜀′′/  𝜀′.  

 
2.2.3.3 Cell culture experiments 

2.2.3.3.1 Sample sterilization 

The samples were sterilized by multiple immersions into 70% ethanol for 30 min each and to remove 

any residual solvent, they were washed 5 times in a phosphate buffered saline (PBS) 1x solution for 5 

min each. Each side of the samples was then exposed to ultraviolet light for 1 h. 

 

2.2.3.3.2 Cell culture 

Murine myoblasts (C2C12 cell line) were cultivated in Dulbecco’s Modified Eagle’s Medium (DMEM, 

Gibco) with 4.5 g.L-1 containing 10% of Fetal Bovine Serum (FBS, Biochrom) and 1% of 

Penicillin/Streptomycin (P/S, Biochrom). The cells were grown in 75 cm2 cell-culture flask at 37 ºC in a 

humidified air containing 5% CO2 atmosphere. Every two days, the culture medium was changed. The 

cells were trypsinized with 0.05% trypsin-EDTA when reached 60-70% confluence. For the cytotoxicity 

assays, SiNPs/PVDF nanocomposites with different morphologies were cut according the ISO_10993-

12. The extraction ratio (surface area or mass/volume) was 6 cm2.mL-1. To analyze cell morphology and 

viability, the materials were cut into 6 mm of diameter. PVDF films without nanoparticles were used as 

control. 

 
2.2.3.3.3 Cytotoxicity assay by the indirect contact 

C2C12 cells were seeded at the density of 2×104 cells.mL-1 in 96-well tissue culture polystyrene 

plates. Cells were allowed to attach for 24 h, after which the culture medium was removed and the 

conditioned medium (the medium that was in contact with the samples) was added to the wells (100 µL). 

Afterwards, the cells were incubated for 24 or 72 h, and the number of viable cells was quantified by (3 

(4,5 Dimethylthiazol 2 yl) 2,5 diphenyltetrazolium bromide) (MTT) assay. The cells received MTT solution 

(5 mg.mL-1 in PBS dissolved in DMEM in proportion of 10%) and were incubated in the dark at 37 ºC for 

2 h. The medium was then removed and 100 µL of DMSO/well was added to dissolve the precipitated 
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formazan. The quantification was determined by measuring the absorbance at 570 nm using a microplate 

reader. All quantitative results were obtained from four replicate samples and controls and were analyzed 

as the average of viability ± standard deviation (SD). 

 
2.2.3.3.4 Direct contact and Proliferation 

Since MTT interferes with the materials, it had chosen the MTS that having the same theoretical 

base but with soluble reaction product. C2C12 cells (4 000) were seeded on each sample. After 24 h 

and 72 h, the viable cell number was determined 

using the (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) 

(MTS) assay. At the desired time points, the MTS reagent was added into each well in proportion of 1 part 

to 5 of DMEM medium and, incubated at 37 ºC for 2 h. The absorbance was detected at 490 nm with a 

microplate reader. Experimental data were obtained from four replicates.  

 
2.2.3.3.5 Immunofluorescence staining 

Using the same time-points as in the proliferation assays, the nanocomposite samples were 

subjected to immunofluorescence staining to analyze the cytoskeleton morphology of the cells, verifying 

also the cell viability and adhesion. At each time point, the medium of each well was removed, the samples 

were washed with PBS and the cells fixed with 4% formaldehyde for 10 min at 37 ºC in a 5% CO2 incubator. 

After fixation, the samples were washed with PBS 1x (three times) and incubated for 45 min at room 

temperature in 0.1 µg mL-1 of phalloidin-fluorescein isothiocyanate (FITC, Sigma). Then, the samples 

were incubated for 5 min with 1 µg mL-1 of 4,6-diamidino-2-phenylindole (DAPI, Sigma). Afterwards, the 

samples were washed again with PBS 1x (three times) and one time with distillate water. Finally, the 

samples were visualized in a fluorescence microscopy (Olympus BX51 Microscope). 

 
2.3 Results and discussion 

2.3.1 Influence of different SiNPs diameters  

2.3.1.1 Morphology and size of the silica nanoparticles 

The morphology and the size of the SiNPs were analyzed from TEM images (figure 2.2). The 

spherical nanoparticles prepared by the Stober method [47] were prepared in four different diameters: 

17 ± 2, 100 ± 18, 160 ± 17 and 300 ± 37 nm. The corresponding histograms are presented as insets 

in figure 2.2.  
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Figure 2.2. TEM images of SiNPs-PDI with different particle size: (a) 17 ± 2 nm, (b) 100 ± 18nm, (c) 160 

± 17nm and (d) 300 ± 37nm. 

2.3.1.2 Surface charge of the nanoparticles 

Figure 2.3 shows the zeta potential of aqueous dispersions of the different SiNPs at different pH to 

analyse the periphery charge of the particles.  

2 4 6 8 10 12

-60

-50

-40

-30

-20

-10

0

 

 

z
 p

o
te

n
c

ia
l 

(m
V

)

pH

 17 nm

 100 nm

 160 nm

 300 nm

H
ig

h
 S

ta
b

il
it

y

 

Figure 2.3. Zeta potential of the different SiNPs nanoparticles at different pH. 

 
The particles are considered more stable with a zeta potential above +30 mV or below -30 mV. This 

fact is due to the electrostatic repulsions between the nanoparticles that prevent their aggregation. Figure 

2.3 shows that all nanoparticles are more stable at pH ≥ 5, independently of their average diameter. On 
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the other hand, nanoparticles with higher average diameters are more stable. The isoelectric point of 

SiNPs is close to pH 2 so, from this pH upwards, the silica nanoparticles are negatively charged in acidic, 

neutral and basic environments, which can be taken to advantage, as it has been demonstrated that the 

interactions between negatively charged nanoparticle surfaces and the positive charge density of the CH2 

groups of the PVDF polymer, can promote the nucleation of the electroactive -phase of the polymer [46]. 

 

2.3.1.3 Morphology of the nanocomposites 

The morphology of the nanocomposites was assessed by SEM. Figure 2.4 shows the different 

morphologies obtained after the different processing methods as well as the variations due to the 

introduction of fillers with different diameters. Figure 2.4 shows the cross section (figure 2.4a-2.4c) of the 

nanocomposites and electrospun fibres samples (figure 2.4d) with 16 wt.% of SiNPs.  

 

Figure 2.4. Cross section SEM micrographs of SiNPs/PVDF nanocomposite samples with nanoparticles 

of different diameters and different processing conditions: (a) F90-17NP, (b) F90-300NP, (c) F210-17NP, 

(d) R-17P. 

Figures 2.4a and 2.4b present the differences between the samples obtained at 90 ºC with SiNPs 

of different diameters, showing that the higher diameter particles are well-dispersed in the PVDF polymer 
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matrix, contrary to the SiNPs with lower diameter that present particles agglomerates. Furthermore, a 

small porosity is observed (figure 2.4a), which is in agreement with the literature [48]. 

It is to notice that the nanoparticles act as nucleation agents for crystallization in PVDF composites 

[49], which can be verified with the results obtained, indicating a good interfacial interaction between the 

PVDF chains and silica nanoparticles. 

Figure 2.4a and 2.4c show the differences in composite morphology due to the crystallization 

process. The samples obtained at 90 ºC (figure 2.4a and 2.4b) present a slightly more porous morphology 

than the ones obtained at 210 ºC (figure 2.4c). 

Once the SiNPs with 17 nm do not show a suitable dispersion in the films, electrospinning has been 

used in order to produce fibres with well dispersed particles. Relatively to the fibres (figure 2.4d), smooth 

randomly oriented fibres with encapsulated particles are observed, with no particles at the surface. 

This result is confirmed by the confocal images represented in figure 2.5. It was observed that the 

introduction of the particles increases the fibre diameter (243 ± 89 to 339 ± 92 nm). Oriented fibres with 

SiNPs were also produced (data not shown), verifying also the particles encapsulation within the fibres 

and fibre diameter of 683 ± 140 nm. The increase of fibre diameter with the incorporation of the SiNPs 

is attributed to the higher viscosity of the solution, with also hinders fibre stretching by the applied field. 

The higher diameter of the oriented fibres comparatively to the randomly oriented fibres is attributed to 

the merging of aligned fibrils that crystallize simultaneously [50]. 

 

Figure 2.5. Representative confocal images of SiNPs/PVDF nanocomposites with different morphologies: 

(a) F210-17NP, (b) F90-17NP, (c) Ftamb-17P, (d) O-17P and (e) R-17P. 

a) b) c)

d) e)
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2.3.1.4 Confocal fluorescence microscopy of the nanocomposites  

The incorporation of PDI in the silica nanoparticles can increase their application range, in particular, 

for biomedical applications, as it allows their tracking and localization [18, 51]. In figure 2.5, the orange 

colour identifies the fluorescence of the nanoparticles, higher colour intensity indicates a higher number 

of nanoparticles present. Figures 2.5a, 2.5b and 2.5c show that as the processing temperature 

decreases, a larger aggregation of nanoparticles is observed. In figure 2.5a, where the temperature is 

higher, more homogeneous samples were obtained. 

Relatively to the oriented and random fibres, figure 2.5d and 2.5e, respectively, it is observed that 

the nanoparticles are present and included within the fibres. 

 
2.3.1.5 Wettability of the nanocomposites 

Material surface characteristics are essential in demining cell response in TE applications. In this 

sense, the static WCA was measured on the different SiNPs/PVDF nanocomposites and the values are 

presented in figure 2.6. 
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Figure 2.6. Water contact angle of the SiNPs/PVDF nanocomposites: (a) PVDF with the SiNPs with 

different diameters processed at 90 ºC and (b) SiNPs/PVDF samples with silica nanoparticles (17 nm) 

with different morphologies. 

 
The introduction of the Si nanoparticles increases the WCA values, independently of the diameter of 

the silica nanoparticles [52], to around 100º excepting for the samples with silica nanoparticles with the 

highest diameter (F90-300NP). This increase is attributed to the hydrophobic properties of the silica 

nanoparticles [52]. The WCA of the samples with the nanoparticles with the highest diameter show a 

higher range of WCA values, which is explained by the variation in the diameter of the nanoparticles, as 

observed in figure 2.2. Regarding figure 2.6b, the WCA for the composite samples with the smallest silica 
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nanoparticles show that the WCA of PVDF fibres increases significantly when compared to the one of 

PVDF films, and the WCA of the oriented PVDF fibres is slightly higher than the one for randomly oriented 

PVDF fibres, showing a WCA of 146.0 ± 7.2º. These results support the idea that the increase of the 

hydrophobicity of electrospun samples is mainly related to the membrane morphology [8], the fibres 

being significantly more hydrophobic than films. In the case of PVDF films, the WCA is also higher for the 

films with higher porosity as already reported for pristine films [44].  

 
2.3.1.6 Structural properties and electroactive phase content of the nanocomposites 

FTIR-ATR spectra allow to identify and quantify (equation 2.1) the polymer phase present in the 

samples and, therefore, to evaluate possible modifications induced by the introduction of silica 

nanoparticles (Figure 2.7). 
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Figure 2.7. FTIR spectra of (a) neat PVDF and SiNPs/PVDF nanocomposites with silica nanoparticles of 

different diameters processed at 90 ºC and (b) different morphologies of SiNPs nanocomposites prepared 

with the smallest nanoparticles. The β-phase content for the different sample is represented in c) and d). 

 

Figure 2.7a shows the FTIR spectra of the different samples prepared at 90 °C as well as the 

corresponding quantification of the β-phase content (figure 2.7c, calculated after equation 2.1). The 
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characteristic bands of β-PVDF (840 cm-1) is present in all samples, with low traces of α-PVDF (bands at 

766, 855 cm-1), with the exception of F210-17NP. This is mainly attributed to the processing temperature 

[48], which mainly governs the solvent evaporation kinetics and the polymer crystallization in the β-phase 

for processing at temperatures below 90 °C [45]. The introduction of SiNPs in PVDF does not significantly 

change the β-phase content, independently of the SiNPs content and average diameter. The β-phase 

value of pristine PVDF is 83 ± 3.3% and for the nanocomposites F90-17NP, F90-100NP, F90-160NP and 

F90-300NP, is 62 ± 2.5, 91 ± 3.6, 79 ± 3.1 and 74 ± 3%, respectively (figure 2.7c). On the other hand, 

figure 2.7d shows that depending on the nanocomposite morphology, the polymer crystallizes in different 

phase, mainly due to the different processing conditions. Thus, electrospinning involves room 

temperature solvent evaporation and polymer stretching during jet formation, both favorable conditions 

for the crystallization of the polymer fibres in the -phase [50]. With respect to the films, the F210-17NP 

nanocomposite, which is processed by a melting and recrystallization process, crystallizes in the α-phase 

and shows that the addition of SiNPs does not induce the nucleation of the electroactive β-phase of the 

polymer, as observed in previous study with Fe3O4 spherical nanoparticles [53]. On the other hand, the 

porous samples, as well as the fibres, are prepared after solvent evaporation at room temperature, 

conditions leading to the crystallization in the β-phase. This fact is not affected by the introduction of the 

nanoparticles. Thus, it is concluded that the presence of the nanoparticles does not induce strong 

interactions with the polymer chain, leading to the nucleation of a specific phase, as observed with other 

fillers such as CFO [54] and NaY zeolite [44]. Thus, processing temperature and solvent/polymer ratio 

remains the main factor determining polymer phase content in those composites [41, 45]. 

 
2.3.1.7 Thermal behaviour of the nanocomposites 

The DSC scans allow to determine the melting temperature and the degree of polymer crystallinity 

(figure 2.8). 
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Figure 2.8. (a) DSC thermographs and (b) degree of crystallinity of the SiNPs/PVDF nanocomposites with 

different morphologies and with the fillers of lowest average diameter. 

All the samples show an endothermic peak around 168 ºC corresponding to the polymer melting of 

the crystalline phase [45], thus, both processing conditions and incorporation of the filler does not affect 

the melting temperature. The degree of crystallinity was calculated (equation 2.2) from the enthalpy of 

the melting peak of the DSC thermograms. It is not notice that the samples prepared by solvent 

evaporation at 90 ºC and after melting and recrystallization show a lower degree of crystallinity than the 

samples prepared by solvent evaporation at room temperature, which also includes the electrospun 

samples (figure 2.8b). The pristine PVDF film processed at 90 ºC shows a degree of crystallinity of ≈ 40%, 

which slightly increases with the introduction of the SiNPs and with the size of the SiNPs, being 43% for 

F90-17NP and 55% for F90-160NP (data not shown). Relatively to the different morphologies (figure 

2.8a), the endothermic peak value is lower for the sample processed at 210 ºC, indicating a lower degree 

of crystallinity if the sample, attributed to the fillers acting as defects during the crystallization from the 

melt [55]. Inclusion of the nanoparticles in the fibres does not significantly alters the crystallinity degree 

of the O-17P (52%) and R 17P (49%) with respect to the pristine polymer oriented fibres (50% [8]). 

The latter is ascribed to the combined effect of solvent evaporation at room temperature and 

stretching during the crystallization process that overcome the effect of the presence of NP. 

 
2.3.1.8 Mechanical properties of the nanocomposites 

The mechanical properties of the materials are essential parameters to design a scaffold suitable for 

tissues with different mechanical characteristics. The characteristic mechanical strain-stress curves of 

samples with different morphology, filler type and content are presented in figure 2.9. 

Figure 2.9a shows the stress-strain curves for the nanocomposites prepared with fillers with different 

average diameter after a melting process and figure 2.9b refers to the nanocomposites with the same 
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SiNPs (17 nm) after different processing conditions. Independently of the filler average diameter or 

processing conditions all samples show the typical mechanical behaviour of PVDF [56] characterized by 

the elastic region, yielding and plastic region, i.e. the typical behaviour of a thermoplastic elastomer. 
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Figure 2.9. Stress-Strain curves for (a) SiNPs/PVDF nanocomposites with different SiNPs average 

diameters within the PVDF matrix and (b) for nanocomposites obtained after different processing 

conditions. 

 
The Young modulus of the samples was calculated from the linear zone of elasticity between 0 and 

1% strain, as presented in figure 2.10. 
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Figure 2.10. Young modulus of the SiNPs/PVDF nanocomposites varying (a) the processing method and 

(b) the average diameters of the SiNPs. The values shown as mean ± SD. 

 
The characteristic features of the strain-stress curves are similar for all the materials, demonstrating 

that the mechanical characteristics are not strongly dependent on nanoparticle diameter. Further, the 

introduction of particles with different diameters does not significantly affect the Young modulus of the 

pristine PVDF (F210-NP) - 0.94 ± 0.04 GPa. However, a slight improvement of the Young modulus is 
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observed for the samples prepared with smaller silica nanoparticles (F210-17NP): 1.05 ± 0.06 GPa, this 

is in line with reports showing that the modulus increases as the particle size decreases [57]. Relatively 

to the different production methods for the polymer films, F210-NP, F90-17NP and Ftamb-17P, it is 

observed that the more porous is the structure, the lower is the Young modulus, 0.83 ± 0.16 GPa for 

FTamb-17P. On the other hand, oriented fibres (O-17P) show higher Young modulus (0.082 ± 0.012 

GPa) than the random fiber samples (R-17P) (0.032 ± 0.002 GPa) due to the larger number of fibres 

along the stretch direction [8]. 

Relatively to the other samples, the production method has a relevant influence on their mechanical 

response, as the samples prepared at room temperature by solvent evaporation showing lower Young 

modulus than those obtained at 210 ºC, due to the porous nature of the former and the compact structure 

of the later, as was also visible in the SEM images (figure 2.4). 

 
2.3.1.9 Cell culture studies 

In order to explore the potential use of the developed materials in TE applications, it is necessary to 

evaluate the putative cytotoxicity of the samples. The study of metabolic activity of C2C12 myoblasts, 

evaluated with the MTS assay, was applied to all samples and the results for 24 and 72 h are presented 

in figure 2.11. Thus, the effects associated with introducing fluorescent SiNPs with different sizes is 

analyzed as well as the effect of the different microstructures/morphologies. 
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Figure 2.11. Cytotoxicity indirect test of (a) samples prepared with nanoparticles of different diameters 

and prepared by solvent evaporation at 90 ºC and (b) samples prepared with SiNPs of 17 nm diameter 

after different processing methods and therefore with different morphologies. 
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It has been already reported that PVDF is biocompatible and shows no cytotoxicity to C2C12 cells 

for 24 or 72 h [29, 38]. The SiNPs are also biocompatible for many cells including C2C12 myoblasts [58-

60]. 

Thus, figure 2.11 shows that none of the samples are cytotoxic, independently of the nanoparticle 

diameter and of the material morphology. It is to notice that despite both materials being biocompatible, 

the result is not evident, as polymer-filler interface effects or solvent retained in the nanoparticles or in 

the interface areas, can lead to cytotoxic effects. According to the ISO standard 10993-5, samples are 

considered cytotoxic when cells suffer a viability reduction larger than 30%. The measured cell viability 

values are all higher than 70%, confirming the cytocompatibility of the SiNPs/PVDF nanocomposites. 

C2C12 myoblasts were used in previous studies to analyze cell proliferation of cultures grown on 

porous [61] and non-porous [38] PVDF films as well as fibres [38], with the verification that C2C12 cells 

proliferate better on piezoelectric β-PVDF “poled” samples. The samples obtained in this work were 

studied to determine the suitability for TE applications, namely muscle tissue. 

The MTS (figure 2.12), immunofluorescence (figure 2.13) and SEM (figure 2.14) assays were used 

to assess cell viability and morphology in the different samples. Relatively to the proliferation results 

(Figure 2.12), the cell viability has been obtained in relation to the sample of F90-NP at 24 h (equation 

2.7). 

 

𝐶𝑒𝑙𝑙 𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) = (
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 𝑎𝑡 72ℎ

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝐹90-𝑁𝑃 𝑎𝑡 24ℎ
 × 100) − 𝑐𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝐹90-𝑁𝑃 𝑎𝑡 24ℎ (2.7) 

 

Figure 2.12 shows that cell viability of the samples increases after 72 h of cell culture, independently 

of the SiNPs diameters (figure 2.12a) and the morphology of the materials (figure 2.12b), when compared 

with the sample without particles (F90-NP). No significant differences are observed between the samples 

and the negative control (F90-NP), revealing that C2C12 myoblast proliferation is not affected by the 

presence of SiNPs in the PVDF matrix. In fact, it has been reported that SiNPs included in different 

polymers improves cell attachment and proliferation, and enhances cellular processes [62-63], which is 

in agreement with the obtained results. 
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Figure 2.12. Cell proliferation of C2C12 cells seeded on (a) SiNPs/PVDF samples prepared at 90 ºC with 

different sized nanoparticles and (b) SiNPs/PVDF samples with different morphologies. 

 
Cell cytoskeleton morphology, viability and adhesion were analyzed by fluorescence microscopy for 

porous and non porous films and SEM for fibre samples.  

Independently of the nanoparticles diameters and the sample morphology, it is observed that the 

cell behaviour is similar. Bigger cell agglomerates are observed with increasing nanoparticles diameter 

(which also show larger nanoparticle agglomerates) on the samples (figure 2.13 a-d). This fact is 

associated with the interaction between serum proteins and nanoparticles present on the PVDF matrix, 

as it has been reported that negative surface charge enhance the adsorption of proteins with isoelectric 

point more than 5.5 such as immunoglobulin G that can be important for C2C12 myoblasts [64-65]. Cell 

cultures on PVDF fibres prepared with the smaller silica nanoparticles were analyzed by SEM and figure 

2.14 shows the cell morphology of C2C12 cells after 72 h of cell culture on oriented and random PVDF 

fiber nanocomposites. 
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Figure 2.13. Representative images of C2C12 myoblast culture after 72 h on (a) F90-17NP, (b) F90-

100NP, (c) F90-160NP, (d) F90-300NP, (e) F210-17NP and (f) FTamb-17P samples (nucleus stained 

with DAPI-blue and cytoskeleton stained with FITC-green). Scale bar = 100 µm for all the samples. 

 
These representative images demonstrate that in the presence of fibrillar microstructure the muscle 

cells orientate their cytoskeleton along the fibres, which is in agreement with the literature [38]. In this 

way, in the presence of oriented fibres, the cells share a similar architecture to the natural muscle cells 

in living systems.  

a) b) 

c) d) 

e) f) 
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Figure 2.14. Cell morphology obtained by SEM of C2C12 myoblasts seeded on PVDF fibres: (a) O-17P 

and (b) R-17P, after 3 days of culture. The scale bar is 200 µm for all samples. 

 
Thus, the overall results prove the potential of the use of SiNPs/PVDF piezoelectric nanocomposites 

for muscle TE. Physical and chemical stimuli are important factors to obtain tissues with characteristics 

similar to those of natural living tissues in the human body, developing therefore specific biomimetic 

microenvironments for different tissues, attending their specific biophysico-chemical needs. The 

developed platform presents nanocomposites with different morphologies (membranes and fibres), 

piezoelectric -phase and SiNPs diameter (from 17 to 300 nm), which makes it an interesting and 

complete platform for TE. 

Furthermore, this platform will allow further studies applying mechanical stimuli on the 

nanocomposites obtained in this work with specific bioreactors [36] applying mechanical and/or 

mechanoelectrical stimuli. It may also take advantage of the SiNPs capacity to include specific 

biomolecules or to develop drug delivery systems, or more specifically, differentiation factors to promote 

directed myogenic differentiation.  This will allow not only a deeper knowledge of the necessary stimuli 

for muscle tissue regeneration, but also more effective therapies. 

After the study with different diameter of SiNPs, the functionalization of these nanoparticles was 

performed in order to verify if this parameter can nucleate the -phase of PVDF.  

 
2.3.2 Influence of different SiNPs functionalizations  

2.3.2.1 Characterization of the silica nanoparticles 

The SiNPs morphology was analyzed by TEM and the corresponding hydrodynamic size was obtained 

by DLS (figure 2.15a). The zeta potential in aqueous dispersions at different pH for the three different 

SiNPs was also evaluated (figure 2.15b). 

a) b) 
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Figure 2.15. (a) Representative TEM images of SiNPs doped with PDI and the respective size by DLS and 

(b) zeta potential values at different pH for the three different nanoparticle types. 

 

The TEM image of figure 2.15a show that the SiNPs present a spherical shape. From the dynamic 

light scattering measurements presented as inset in figure 2.15a, the diameter of the SiNPs is ≈ 16 ± 1 

nm.  

The surface charge and the stability of the three different types of SiNPs (WF, NF and PF) against 

aggregation was evaluated by the zeta potential measurements of the NPs in aqueous dispersions at 

different pH between 3 and 11 (figure 2.15b).  

Figure 2.15b shows that SiNPs-WF and NF are negatively charged, independently of the pH, 

increasing the surface charge with increasing pH. On the other hand, for the SiNPs-PF the positive charge 

(pH ≤ 6) decreases and turns to negative values with increasing pH for pH > 6. Further, SiNPs-WF and 

SiNPs-NF are more stable than SiNPs-PF for pH higher than 5, the stabilty of SiNPs-PF (pH higher than 

|-30| mV) being observed pH above 10 and below 4. In these pH ranges, the -potential values indicate 

higher peripheral charge values, contributing for the nanoparticle repulsion and stability, preventing 

aggregation and precipitation [66].  

 
2.3.2.2 Morphological evaluation of the nanocomposites 

The morphology of the SiNPs/PVDF nanocomposite samples with different SiNPs contents and types 

was analyzed by SEM. Figure 2.16 shows the cross-section SEM images of pristine PVDF and 

SiNPs-PF/PVDF nanocomposites with 8 and 32 wt.% SiNPs-PF. Similar results are observed for the other 

nanocomposites with different contents and SiNPs types.  

a) b) 



Chapter 2 – Multifunctional platform based on electroactive polymers and silica nanoparticles for tissue engineering 
applications 

 

63 
 

 

Figure 2.16. Cross section SEM images of (a) pristine α-PVDF, (b) 8 wt.% SiNPs-PF/PVDF and (c) 32 wt.% 

SiNPs-PF/PVDF. 

 
Figure 2.16a shows that the PVDF film presents a homogeneous and flat surface morphology without 

the absence of pores. Figure 2.16b shows that the SiNPs-PF are well dispersed within the polymer for 

the lower filler contents but that, for the largest filler concentrations (figure 2.16c), some agglomeration 

occurs although without the presence of large silica clusters. As the same morphological features are 

observed for SiNPs-WF and SiNPs-NF nanocomposites, it is demonstrated that the surface charge of the 

SiNPs does not have a relevant effect on the morphology of composites.  

 

2.3.2.3 Samples Wettability 

Surface wettability was assessed for the different nanocomposites through the sessile drop technique 

and the results are presented in figure 2.17. 
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Figure 2.17. Water contact angle measurement for pure PVDF and the different nanocomposite films 

(mean ± SD). (a) nanocomposites with different SiNPs surface functionalization and (b) SiNPs-PF/PVDF 

nanocomposites with different filler content. 

b) 



Chapter 2 – Multifunctional platform based on electroactive polymers and silica nanoparticles for tissue engineering 
applications 

 

64 
 

Figure 2.17a shows that there are no significant differences in the surface wettability of the PVDF 

composites containing different SiNPs. All the samples show WCA values around 90º, which are slightly 

higher than pristine α-PVDF, which shows a WCA of 82º. Figure 2.17b also shows that higher content of 

silica nanoparticles leads to a higher increase in the WCA values of all the samples, up to ≈ 110º for the 

samples with 32 wt.% filler content. This increase of the hydrophobicity is associated to the increase of 

the surface roughness, related to the inclusion of the fillers [67]. In fact, it is to notice that the surface 

chemistry is the same for pristine polymer and nanocomposites, as the fillers are within the polymer 

matrix and not at the surface. This correlation between morphology and hydrophobicity in PVDF 

microporous membranes with increasing has been reported for SiNPs fillers [68] as well as for NaY 

incorporation into PVDF [44]. 

 
2.3.2.4 Structural Characterization 

In order to evaluate the variation in the crystalline phase content of PVDF due to the inclusion of 

SiNPs with different surface charges and content, FTIR-ATR measurements were performed (figure 2.18). 
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Figure 2.18. ATR-FTIR spectra of (a) nanocomposites with 8 wt.% filler content of the SiNPs with different 

surface functionalization (without, negative and positive functionalization, WF, NF and PF, respectively) 

and (b) three different SiNP contents (8, 16 and 32 wt.%) for the SiNPs-PF/PVDF nanocomposites. (c) β-

PVDF phase content for the different composites. 

a) 

b) 

c) 

0

10

20

30

40

50

60


 s

tr
u

c
tu

re
 c

o
n

te
n

t 
(%

)

SiNPs content (%)

 a-PVDF 

 SiNPs-WF

 SiNPs-NF

 SiNPs-PF

0                  8                   16                   32



Chapter 2 – Multifunctional platform based on electroactive polymers and silica nanoparticles for tissue engineering 
applications 

 

65 
 

Figures 2.18a and 2.18b show the FTIR spectra of α-PVDF and the different nanocomposites 

prepared after polymer melting and solvent evaporation at 210 ºC as well as the corresponding 

quantification of the β-phase content present in the nanocomposites, calculated after equation 2.1 (figure 

2.18c).  

The chemical structure of PVDF is composed by the repetition unit -CH2-CH2- along the polymer 

chain and characteristic vibrational modes can be used for the identification and quantification of the α- 

and β-phases [45]. In particular, the absorption band at 766 cm-1 corresponds to the α-phase and is 

related to stretching of the CF2, whereas the band at 840 cm-1 corresponds to the β-phase and is related 

to the CH2 stretching In Figures 2.18a and 2.18b the absorption band characteristic of the SiNPs is 

identified at 1100 cm-1, and is related to the anti-symmetric stretching mode of the Si-O-Si group [69]. 

Thus, it confirmed the successful inclusion of SiNPs in the PVDF nanocomposites. Further, the intensity 

of this absorption band increases with increasing SiNPs content from 8 to 32 wt.%.  

Figure 2.18a and 2.18b show that no chemical modifications occur in the PVDF polymer chain upon 

the incorporation of the fillers, however, it is observed that the intensity of the absorption band at 840 

cm-1, related to the β-phase of the polymer, increases for the sample containing silica nanoparticles with 

positive functionalization.  

In fact, as figure 2.18c shows, the type and content of SiNPs influence significantly the content of β-

phase. Comparatively to the pristine PVDF film, which shows a β-phase content of ≈ 5%, the 

nanocomposites with 8 wt.% SiNPs content with fillers without and with negative and positive 

functionalization, show β-phase contents of 6, 9 and 53%, respectively. In this sense, the inclusion of 

positive SiNPs induce a significant increase of the electroactive phase, contrarily to the other 

nanoparticles, being an indicative that the SiNPs-PF acts as nucleating agents of this phase during the 

PVDF crystallization [45], mainly due to the interaction between the CF2 groups of PVDF with the positive 

charge of the SiNPs. Further, these results are also an indicative that this positive particle functionalization 

leads to a more effective particle-polymer chain interaction than the negative functionalization of the fillers. 

It has been reported that nanoparticles with negative surface charge are more efficient in promoting 

the nucleation of the β-phase of PVDF [45, 70, 71]. Nevertheless, it has been also proven that not just 

the surface charge, but also the size and shape of the nanoparticles influences this process [53, 70]. 

Thus, in the present case the interplay of SiNPs filler size (table 2.2) and positive functionalization improve 

the nucleation of the electroactive phase more efficiently due to improved local particle-chain interactions. 

In fact, it has been shown that the addition of small organic positively charged molecules in the molten 
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state results in polar phases dominated by β-phase PVDF once these molecules excluded the possibility 

of lattice matching or epitaxial crystallization [72]. 

Further, the relative β-phase content in the samples also depends on the content of filler within the 

polymer matrix. For SiNPs-WF/PVDF nanocomposites, the β-phase slightly increases with increasing 

SiNPs-WF content from 6 to 12.7%. However, a decrease in the electroactive phase is observed with 

increasing filler content of charged SiNPs into the polymer matrix from 8 to 32 wt.%. Relatively to the 

SiNPs with negative functionalization, these nanocomposites present a slightly higher value of β-phase 

than pristine α-PVDF, 10.4% (with 16 wt.% filler content) that decreases with the introduction of 32 wt.% 

of nanoparticles (5%). A similar behaviour is observed for the SiNPs-PF/PVDF samples, decreasing the 

content of β-phase with increasing SiNPs content. This behaviour has been already reported in the 

literature for related nanoparticles [69] and other types of nanoparticles [73] and in attributed to the loss 

of efficient particle-polymer interactions once nanofiller agglomerations occur for larger filler contents.  

The piezoelectricity of the β-phase nucleated nanocomposite samples was evaluated by measuring 

d33 coefficient of corona poled samples, leading to a d33 around 5 pC.N-1 for the 8 wt.% SiNPs-PF/PVDF 

sample. This d33 value is lower than for pristine β-PVDF [41, 45] without fillers, mostly due to increased 

mechanical stiffness and interfacial effects, however being among the highest values among polymer 

materials and suitable for applications. 

 
2.3.2.5 Thermal characterization 

To investigate the influence of SiNPs type and content in the thermal properties of PVDF, DSC and 

TGA analysis was performed. Figures 2.19a and 2.19b show the DSC thermograms of neat PVDF and 

the different SiNPs/PVDF nanocomposites.  
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Figure 2.19. DSC thermograms for SiNPs nanocomposites with different (a) types of SiNPs for a filler 

content of 8 wt.% and (b) different SiNPs-PF contents. 

 
Neat α-PVDF exhibits an intense endothermic peak at 168 ºC corresponding to the melting peak of 

PVDF [45]. The inclusion of different types and contents of SiNPs does not lead to any relevant 

modification in the melting behaviour (figure 2.19a and 2.19b) of the samples, the nanocomposite films 

being also characterized by a single peak corresponding to the melting temperature between 167-171 

ºC. The melting temperature, the enthalpy associated to each endothermic peak and the degree of 

crystallinity of the samples, as obtained after equation 2.2, are presented in table 2.4. 

 
Table 2.4. Tm and degree of crystallinity of PVDF and SiNPs/PVDF nanocomposites samples. 

SAMPLE wt.% SINPS TYPE OF SINPS Tm (ºC) Xc (%) 

α-PVDF ---- ---- 168 57.2 ± 1.14 

SINPS/PVDF 

8 

WF 170 50.5 ± 1.01 

NF 169 49.1 ± 0.98 

PF 171 51.1 ± 1.02 

16 PF 167 47.5 ± 0.95 

32 PF 169 30.3 ± 0.61 

 

Table 2.4 shows the melting temperature, Tm, and degree of crystallinity, Xc, of PVDF and 

SiNPs/PVDF nanocomposite samples. It is verified that the crystallinity of PVDF (≈ 57%) suffers a similar 

decrease by the inclusion of the fillers (8 wt.% of SiNPs-WF ≈ 51%, SiNPs-NF ≈ 49% and SiNPs-PF ≈ 51%), 

independently of the SiNPs surface charge. Further, the decrease of the degree of crystallinity is more 

pronounced for larger filler contents (32 wt.%, the SiNPs ≈ 30%) showing that the fillers act as defects 

during the crystallization of the polymer. No significant differences are observed in the melting 

temperature, being the variations within experimental error (2%). 

b)

) 

 a) 

a)

) 
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The thermal degradation of PVDF and the different SiNPs/PVDF nanocomposites is presented in 

figure 2.20.   
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Figure 2.20. TGA thermograms (a, c) and corresponding first derivatives (b, d) for (a, b) nanocomposites 

with 8 wt.% SiNPs with different functionalizations and (c, d) SiNPs-PF nanocomposites with different 

SiNPs contents. 

 
Figure 2.20a and 2.20c shows that all samples are characterized by a similar thermal degradation 

profile, independently to the filler type and concentration. The thermal degradation of the different PVDF 

samples occurs in one main weight loss step, corresponding to the scission of the carbon-hydrogen (C-

H) bonds, followed by the carbon-fluorine bonds (C-F) due to the strength of the C-F bonds when compared 

with the C-H bonds [74]. Figures 2.20c also allow to identify a weight loss starting at temperature below 

60 ºC, which is proportional to the filler content and therefore related to degradation at the filler-polymer 

interface, in particular due to the nanofiller functionalization. The Differential Thermogravimetric, DTG, 

analysis (Fig. 2.20b and 2.20d) allows to identify the temperature of maximum rate of weight loss, which 

is approximately 467 ºC for PVDF, with no significative differences for the different 

SiNPs/PVDF film composites.  

a)

) 

b)

) 
 a) 
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 a) 
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2.3.2.6 Mechanical characterization 

The mechanical stress-strain response of the samples is presented in figure 2.21. The corresponding 

Young’s modulus, tensile strength and strain-to-failure are presented in table 2.5. 
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Figure 2.21. Representative stress-strain curves of the PVDF samples with (a) 0, 8, 16 and 32 wt.% SiNPs-

PF nanoparticles and (b) SiNPs/PVDF nanocomposites with 8 wt.% of SiNPs with different surface 

characteristics. 

 
Figure 2.21 shows that all samples show the typical behaviour of PVDF, characteristic of 

thermoplastic materials, showing a nearly linear region for strains below 1%, followed by a plastic 

deformation stage before the sample undergoes fracture. The main different of pristine PVDF with the 

nanocomposites is that, for the later, the elongation at break is significantly lower. Pristine PVDF shows 

an average Young’s modulus of 1.23 ± 0.68 GPa, an average ultimate tensile strength of 37.42 ± 2.21 

MPa and an average strain-to-failure of 7.30 ± 1.13% (Table 2.5), within the typical value range of PVDF 

films [8, 75].  
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Table 2.5. Mechanical properties of α-PVDF and SiNPs/PVDF nanocomposites incorporating 8, 16 and 

32 wt.% of SiNPs with different surface functionalizations. E – Young’s modulus; σbreak – ultimate tensile 

strength; ɛbreak – strain-to-failure. 

Sample E ± StdDev (MPa) σbreak ± StdDev (MPa) ɛbreak ± StdDev (%) 

α-PVDF 1231 ± 48 37.42 ±2.21 7.30 ± 1.13 

8 wt.% - WF 1463 ± 131 40.39 ± 8.49 4.69 ± 2.27 

8 wt.% - NF 1500 ± 141 35.49 ± 2.09 3.21 ± 0.57 

8 wt.% - PF 1492 ± 131 30.94 ± 4.11 2.85 ± 0.48 

16 wt.% - PF 1916 ± 154 39.39 ± 3.70 2.59 ± 0.17 

32 wt.% - PF 1925 ± 146 22.96 ± 0.92 1.34 ± 0.18 

 

Table 2.5 shows that, independently of the SiNPs type, the Young’s modulus increases with the 

incorporation of the SiNPs fillers as well as with increasing filler content. Thus, the Young’s modulus is 

1916 and 1925 MPa, respectively for 16 and 32 wt.%, which is a ≈ 56% increase with respect to pure 

PVDF. Thus, the inclusion of the filler acts as reinforcement of the material as demonstrated for others 

nanofillers [8]. Relatively to the ultimate tensile strength and strain, SiNPs/PVDF nanocomposites films 

shows a lower elongation at fracture than the pristine polymer, which decreases with increasing SiNPs 

content, with no significant differences between the different types of silica nanoparticles. This decrease 

on tensile strength is related to the defective interfaces between polymer and nanofillers, leading to act 

as defects, leading to early fracture [76].  

 

2.3.2.7 Electrical response 

The effect of the SiNPs inclusion in the dielectric response of PVDF was evaluated as a function of 

frequency (Figure 2.22).  
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Figure 2.22. Frequency dependence of the real part of the dielectric permittivity (a) for the pristine polymer 

and nanocomposites with 8 wt.% filler content with fillers with different functionalization and (c) 

SiNPs/PVDF nanocomposites with positive functionalized nanoparticles at different filler contents. 

Frequency dependence of the (b) loss tangent for all nanocomposites and (d) dielectric constant and loss 

tangent for a frequency of 1 kHz as a function of filler content. 

 
Independently of the filler type and content, the dielectric constant decreases with increasing the 

frequency, showing the relaxation behaviour of dipolar dynamics [77]. It is also worth noticing that the 

dielectric constant of the composites depends on the nature of SiNPs and content (figure 2.22a and 

2.22c). Thus, the highest dielectric constant values are observed for 8% SiNPs-WF (Figure 2.22a), 

whereas the lowest values are observed for the SiNPs-NF and SiNPs-PF, indicative of the interaction 

between the SiNPs with the PVDF polymer chain, that reduces the segmental motion of PVDF chain, as 

well as Maxwell-Wagner-Sillars interfacial contributions [78] induced by the introduction of the non-treated 

nanofillers, promoting a reduction in the electrical polarization variations under applied field. In fact, this 

is also verified by the lower frequency dependence of the dielectric constant with frequency for the 

composites with charged nanofillers. On the other hand, the dielectrically response strongly increases 
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with increasing filler content, due both to the dielectric contribution to the filler and to the increase number 

of polymer-filler interfaces (figure 2.22c).  

The frequency dependence of the dielectric loss tangent (tan δ) for PVDF and SiNPs/PVDF 

composites is shown in figure 2.22b for various frequencies and figure 2.22d for 1 kHz as a function of 

filler content. The tan δ of a material denotes quantitatively dissipation of the electrical energy. The tan δ 

is higher than PVDF for all the composites except for the 8 wt.% SiNPs-WF/PVDF and SiNPs-NF/PVDF 

composites which no significative differences (figure 2.22b) were observed, demonstrating the interfacial 

contributions and increased electrical conductivity. Thus, the tan δ also increases with increasing filler 

content in the polymer matrix (figure 2.22d).  

The a.c. and d.c. conductivity of pristine PVDF and SiNPs/PVDF composites were evaluated, and the 

results are shown in figure 2.23.  

1E+03 1E+04 1E+05 1E+06
1E-12

1E-11

1E-10

1E-09

1E-08

1E-07

1E-06

1E-05

1E-04

1E-03

C
o

n
d

u
c

ti
v

it
y

 (
S

.m
-1

) 

Frequency (Hz) 

 PVDF

 8%SiNPs-WF

 8%SiNPs-NF

 8%SiNPs-PF

 16%SiNPs-PF

 32%SiNPs-PF

 
0 8 16 24 32

1E-12

1E-11

1E-10

1E-09

1E-08

1E-07

1E-06

1E-05

d
.c

. 
C

o
n

d
u

c
ti

v
it

y
 (

S
.m

-1
)

SiNPs content (wt.%)

 SiNPs-WF

 SiNPs-NF

 SiNPs-PF

Pure PVDF film

 

Figure 2.23. Electrical a.c. e d.c. conductivity of pristine PVDF pure and the different nanocomposites as 

a function of (a) frequency and (b) SiNPs type and content. 

 
Independently of the SiNPs functionalization and functionalization type, the introduction of SiNPs 

within the polymer matrix substantially improves the electrical a.c. (figure 2.23a) and d.c. (figure 2.23b) 

conductivity of the films, which further increases with increasing frequency and SiNPs content, 

respectively.  This increase is more noticeable for the PVDF films containing positive functionalized SiNPs 

(up to 2.1 × 10-7 S.m-1) being an indicative of higher mobility of charges species at the particle-polymer 

interfaces. From figure 2.23, it is also noticed that the electrical conductivity values of the negative 

functionalized SiNPs are lower than those of non-functionalized SiNPs, reaching a maximum of 2.4 × 10-9 

S.m-1 and 2.6× 10-9 S.m-1, respectively. The obtained results can be related with the content of the 

electroactive phase: the incorporation of positive functionalized SiNPs leads to the highest β-phase 
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content, when compared with the negative and non-functionalized SiNPs, resulting from the higher 

interactions between the positive charge of the particles and the PVDF. These interactions enhance the 

polar phase content, which improves charges mobility and, therefore, electrical conductivity [79]. 

 
2.4 Conclusions 

Different parameters important for TE, such as materials morphology, porosity and the PVDF 

electroactive phase, were modified in the obtained membranes.  

Different diameters of silica nanoparticles have been introduced within PVDF polymer matrix to 

obtain multifunctional samples for TE applications. 

It is observed that the introduction of the SiNPs fillers in the PVDF matrix decreases its wettability. 

Further, it is shown that the filler diameter does not significantly affects the properties of the polymer 

matrix, such as physico-chemical, thermal and mechanical properties.  

SiNPs with specific surface functionalization allows to tailor the electroactive β-phase content of 

PVDF. Positive SiNPs functionalization allows to obtain ≈ 53% β-phase content with 8 wt.% filler content. 

These results lead to the conclusion that the formation of the polar phase is due to interactions between 

the positively charged SiNPs surface and the CF2 dipoles. The mechanical properties depend on the 

content of SiNPs but is independent of the functionalization type as well as the degree of crystallinity of 

the samples, which depends on filler content rather than on filler type. Finally, the electrical response of 

the composites, increase of the dielectric constant and electrical conductivity, is mainly determined by 

interfacial effects which depend on particle surface charge and content. 

Cytotoxicity assays with C2C12 cells show no cytotoxic associated with neat PVDF and composites 

with different SiNPs diameters and sample morphologies.  

Thus, it is demonstrated that the developed platform of PVDF materials with silica nanoparticles 

demonstrates a large potential for TE applications allowing to develop electromechanically active 

microenvironments with different morphologies with SiNPs allowing protein functionalization and/or 

controlled release of specific drugs and/or growth or differentiation factors according the targeted 

application.  In this way, the present work opens new perspectives for advanced composites comprising 

electroactive PVDF and SiNPs, with tailorable electro-mechanical properties for specific applications. 
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 Relation between fibre orientation and 

mechanical properties of nano engineered poly(vinylidene 

fluoride) electrospun composite fibre mats 
 

This chapter reports the development of nano-engineered PVDF aligned and randomly oriented fibres by 

electrospinning with and without CoFe2O4 magnetostrictive nanoparticles as a suitable material for tissue engineering 

applications. The addition of active nanoparticles allow the magnetoelectric response on the composite fibre mats and 

opens large application potential for non-contact tissue engineering strategies. The influence of fibre orientation and 

addition of magnetostrictive nanoparticles on their mechanical properties through young modulus and yield point has 

been studied. The physico-chemical properties and the electroactive β-phase were also evaluated. C2C12 and 3T3 

cell cytotoxicity on these fibres was assessed, to study their potential use for tissue engineering applications.

This chapter is based on the following publication:  S. Ribeiro, M.M. Maciel, C. Ribeiro, A. Francesko, A. Maceiras, J.L. Vilas, S. 

Lanceros-Méndez, Relation between fibre orientation and mechanical properties of nano engineered poly(vinylidene fluoride) 

electrospun composite fibre mats; Composites Part B: Engineering, 139, 146-154, 2018. 

https://www.sciencedirect.com/topics/materials-science/nanoparticles
https://www.sciencedirect.com/topics/engineering/tissue-engineering
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3.1 Introduction 

The origin of electrospinning can be traced back to 1902 [1]. Several other methods exist for 

fabricating fibres, but electrospinning has proven to be one the most promising and versatile emerging 

technique for manufacturing fibres [2, 3]. This technique is suitable for processing both synthetic and 

natural polymers into nano-/micro-scale fibrous materials [4]. The most attractive features of this process 

are simplicity, versatility and low cost manufacturing. In particular, electrospinning gained a large 

popularity for TE applications as a potential mean for the production of scaffolds [5]. This technique allows 

the fabrication of scaffolds with suitable topology, microstructure and mechanical properties that 

altogether mimic the native physiological environment [6].  

All cells in the ECM receive mechanical, chemical and external stimuli, which influence how cells will 

behave, grow and function [7]. In a similar way, electrospun nanofibres can mimic the different types of 

ECM to give the necessary stimuli to the cells in order to produce a viable and functional tissue [8, 9]. 

For example, the mechanical and structural properties of a scaffold play an important role in determining 

the morphology of attached cells and their cellular functions. Therefore, the mechanical properties are 

useful for modulating cell behaviour, as well as to provide adequate tension and strength to resist to the 

forces from the cell cytoskeleton [10]. The cells perceive the fibres characteristics, the fibre diameter, 

and display different behaviour accordingly. Indeed, it has been reported that osteoblast cells grow faster 

and migrate well into the materials with large fibre diameter, however, differentiate faster on fibres with 

smaller diameters [11]. The orientation of the fibres is another key factor that can influence how cell 

migration, proliferation, differentiation and maturation occur. It has been verified that aligned fibres, 

contrary to randomly oriented ones, can successfully promote the regeneration of axons, reinnervation of 

muscles and reforming new neuromuscular junctions [12]. 

Currently, different types of electrospun fibres are being tested for engineering different types of 

tissues, including skin [13], cardiac [14, 15], ligaments [16], neural [17, 18] and bone [19, 20]. The 

discovery of smart materials capable of providing a specific response when they are stimulated opens 

new opportunities especially in the production of scaffolds able to mimic the biophysical cues necessary 

for tissues to become functional. A good example is in bone regeneration where the shear strain is 

important to initiate the process, being a balance between biochemical and biophysical stimulus [21].  

Further, the use of electrospun fibre mats goes beyond TE and extends to other applications, such 

as drug and gene delivery [22], water treatment [23], filtration membranes [23, 24], food packaging [25, 

26], textile manufacturing [27], antibacterial agent [28, 29] and energy [30], where the proper evaluation 

of the mechanical response is essential. However, till now the mechanical properties of fibre mats have 
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not been properly evaluated, probably due to the difficulty to assess the contribution of fibre orientation, 

entanglement and material properties themselves. In the specific context of TE and due to many tissues 

reaction to electrical and/or mechanical stimulation [31], the mechanical properties of scaffolds should 

be better understood in the context of the dynamic and multi-directional loading environments that 

scaffolds will be subjected to when placed in vivo.  

PVDF is a piezoelectric polymer with the highest piezoelectric, pyroelectric and ferroelectric 

responses, among polymers. PVDF is a biocompatible and non-biodegradable polymer [32], showing also 

excellent mechanical strength and processability in a variety of forms and shapes [33]. This polymer and 

its co-polymers have been also largely used in TE applications [34]. For example, in skeletal muscle TE it 

has been reported that the morphology of electroactive PVDF improve the directional growth of myoblast 

cells [35], which enhances the importance of the study of macroscopic deformation of fibres.  

The incorporation of nanoparticles can further allow to tune the properties of polymers [36-39]. 

Ferrites are an important class of magnetic materials that have gained increasing attention of the scientific 

community due to their wide range of application in sensors, electronics, magnetic recording, electrical 

and automobile industries as well as their increasing use in biotechnology and biomedical applications 

[40-42]. In particular, CFO nanoparticles show high permeability and good saturation magnetization. They 

are magnetically “soft”, being easily magnetized and demagnetized, and electrically insulating, being also 

stable physically and chemically [43, 44].  

As previously indicated, different cell functions can be regulated by mechanical signals [45], and in 

particular, the microstructure of a biomaterial affects the mechanotransduction of cells. Accordingly, the 

study on the influence of scaffolds topography on cell behaviour can provide a basis for the study of the 

mechanobiology in the context of topographical cues received from the nearest microenvironment. The 

PVDF films with and without magnetostrictive nanoparticles have already been investigated relatively to 

their morphological, physico-chemical properties, magnetic and dielectric response [36, 46, 47]. In line 

with the above, this study investigates the macroscopic deformations in materials comprising oriented 

fibres, in particular, how their microstructure modulates the effect of the applied tensions and consequent 

deformations. In such way, this work aims to assess the influence of PVDF and PVDF magnetic composite 

fibres orientation (aligned and randomly oriented) on the strain and Young modulus when a mechanical 

force is applied.  
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3.2 Experimental Section 

3.2.1 Materials 

PVDF (Solef 5130, MW 1,000-1,200 kg.mol-1) was purchased from Solvay, DMF from Merck and 

CFO nanoparticles (35–55 nm) were purchased from Nanoamor. 

 
3.2.2 Electrospinning 

PVDF was dissolved with a concentration of 20 wt.% in DMF at room temperature under constant 

magnetic stirring. For the preparation of composite fibres, 5, 10 and 20 wt.% of CFO nanoparticles were 

added to the polymer solution, using the procedure described in [48]. In order to obtain the PVDF fibres, 

the same procedure as described on Chapter 2 (section 2.2.3.1) was performed (with a steel needle with 

inner diameter of 0.5 mm at 14 kV with a feed rate of 0.5 mL.h-1). Oriented and random oriented fibres 

were prepared. 

 

3.2.3 Sample Characterization 

Mechanical characterization 

Mechanical measurements were performed on rectangular samples (25 x 10 mm) with thickness 

between 10-50 μm (Fischer Dualscope 603-478, digital micrometer). All samples were mechanically 

tested at room temperature on a universal testing machine, Linkam TST350 tensile stress testing system 

(Linkam Scientific Instruments, Surrey, UK) in the tensile mode at a test velocity of 1 mm.min-1 with a 

loading cell of 20 N, excepting for the oriented fibres evaluated along the fibre direction, where a 200 N 

load cell was used. The mechanical parameters were calculated from the average of triplicate 

measurements. The Young’s modulus was determined as presented on chapter 2 (section 2.2.3.2).  
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Figure 3.1. Schematic representation of the different mechanical experiments, where stretching was 

applied along different angles with respect to the orientation of the fibres. 

 
The stretching of the samples (3, 16 and 100%) was performed in three different directions (0, 45 

and 90º) relative to the fibre orientation (Figure 3.1). To maintain the performed stretching, a fixing 

sprayed paint was used. The denomination of the different samples is presented in Table 3.1.  

 
Table 3.1. Denomination of the different fibre mat samples of PVDF stressed with different stretching 

angle with respect to the aligned fibres. 

PVDF Fibres Angle of stretching Significance 
Sample 

denomination 
Load cell (N) 

Oriented 

fibres 

0º 

Stretching along the same 

direction of the fibres 

orientation 

O_0 200 

45º 

Stretching at 45° with 

respect to the fibres 

orientation 

O_45 20 

90º 

Stretching at 90º with 

respect to the fibres 

direction. 

O_90 20 

Random fibres No orientation ---- NO 20 
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Morphological analysis  

Oriented and randomly oriented fibrous mats, with and without cobalt ferrite nanoparticles, and 

sputter-coated with gold (Polaron sputter coating) were imaged in a Quanta 650 (FEI) field-emission SEM. 

Images were obtained prior to stretching and at different deformations along the stretching process with 

magnifications of ×1K, ×5K and ×20K. The ImageJ software was used for determination of diameter of 

the individual fibres. 

Fourier transform infrared spectroscopy 

Structural analysis of the samples was evaluated by FTIR measurements were carried out in ATR 

described on Chapter 2 (section 2.2.3.2). Volume fraction of the electroactive β-phase in the all produced 

nanofibre was also determined by the equation 2.1 showed on Chapter 2 (section 2.2.3.2). 

Thermal properties 

The thermal properties of the samples were determined by DSC described on Chapter 2 (section 

2.2.3.2). The degree crystallinity of the samples was calculated from the DSC thermograms according 

the equation 2.2 on Chapter 2 (section 2.2.3.2). 

Water contact angle measurements 

Wettability of the samples was determined by measuring the WCA at room temperature as described 

on Chapter 2 (section 2.2.3.2). 

 
3.2.4 Cytotoxicity evaluation of samples 

Sample sterilization 

For the in vitro assays, samples without and with different concentrations of CFO nanoparticles were 

cut according the ISO_10993-12. The extraction ratio (surface area or mass/volume) was 6 cm2.mL-1. 

These samples were sterilized as presented on Chapter 2 (section 2.2.3.3.1).  

Cell culture and cytotoxicity assay 

C2C12 mouse myoblast and 3T3 fibroblast cells were grown separately in 75 cm2 cell culture flask 

using the same medium. The composition of the medium and the conditions of cell culture are the same 

as described on Chapter 2 (section 2.2.3.3.2). C2C12 and 3T3 cells were seeded in the 96-well tissue 

culture polystyrene plate at the density of 2×104 cells.mL-1 for both and incubated for 24 h to allow the 

cell attachment on the plate. The cytotoxicity assay by the indirect contact were performed as described 

on chapter 2 (section 2.2.3.3.3). 
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All quantitative results were obtained from four replicates samples and controls and were analyzed 

as the average of viability ± SD. 

 

3.3 Results and Discussion 

3.3.1 Morphological and mechanical response of PVDF fibre mats 

The influence of the fibre orientation on the mechanical response when the samples are stretched 

along different angles with respect to the orientation of the fibre was evaluated using the stress-strain 

measurements (Figure 3.2) and their respective young modulus and yield point are present in Table 3.2. 
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Figure 3.2. Mechanical response of the PVDF fibres: stress-strain characteristic behaviour for stretching 

along 0, 45 and 90 º with respect to the orientation of the fibres. 

 
Table 3.2. Young modulus and yield point of PVDF fibres for stretching at 0, 45 and 90º with respect to 

fibre orientation. Values shown as mean ± SD. 

 
E (MPa) Yield Strain (%) Yield Stress (MPa) 

O_0 225.27 ± 16.51 11.83 ± 1.24 25.37 ± 1.30 

O_45 26.91 ± 1.60 7.51 ± 1.02 1.98 ± 0.54 

O_90 23.21 ± 1.48 7.58 ± 0.78 1.75 ± 0.22 

NO 129.17 ± 25.15 5.37 ± 0.24 6.96 ± 1.43 

 

In comparison to -PVDF films that exhibit an effective Young's modulus around 2 GPa [49], the -

PVDF electrospun mats present lower values. The characteristic features of the stress-strain curves are 

similar for the PVDF samples O_45, O_90 and NO, in contrast to the curve of the sample O_0. It is 

observed that the random electrospun and oriented mats stretched at 45 and 90º showed lower 
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mechanical properties than the experiments along the oriented fibre mats at 0 º due to the lower number 

of fibres along the stretch direction. All samples of PVDF pure (O_0; O_45; O_90 and NO) break above 

200% of strain, independently of angle between orientation fibre and the direction of applied strain.  The 

elastic modulus for the oriented fibres depends significantly on the relative angle between the fibres and 

the stretch direction (Table 3.2). The sample O_0 showed a higher value of the effective Young modulus, 

approximately 225 ± 16 MPa, in agreement with previous studies [50], decreasing to 27 ± 2 MPa for 

0_45 and 23 ± 2 MPa for O_90 (Table 3.2). These results are consistent with previous investigations in 

related scaffolds where the effective Young’s modulus also decreases with increasing angle between fibre 

orientation and strain direction [51, 52]. This result is explained by the fibre reorientation and collapsing 

of the porous microstructure once the fibres tend to align towards the direction of applied strain [51]. 

Thus, depending on the desired applications, it is possible to modulate the applied deformation on the 

polymer fibres. 

The yield point determines the region when the material begins to deform plastically. As expected, 

yield strain and stress for the O_0 samples are larger than for the other samples: random (NO) and 

oriented electrospun mats stretched at 45 and 90º (O_45 and O_90). This fact is explained once for the 

O_0 samples the stress is mostly used for the deformation of the fibres whereas for the other conditions 

the stress is applied for the reorientation of the fibres along the stretching direction.   

After submitting the PVDF fibres to stretching along different relative angles, their morphology was 

further observed by SEM. Figure 3.3 shows the differences observed in the morphology of the fibre mats 

when stretching has been applied at different angles and after the application of different strains. The 

stretching values of  3 and 16% were selected to analyze the morphological variations in the elastic and 

plastic regions of the mechanical response of the PVDF fibre mats, respectively, while the stretching value 

of 100% is selected to observe the morphology of the fibre mats at high levels of deformation. The SEM 

images (Figure 3.3) demonstrate a reorientation of the fibres along the stretching direction, where the 

reorientation in the O_0 samples is far less pronounced, as the stretching is already performed along the 

fibre orientation. It is to notice that the alignment of fibres along the stretching direction is a relevant issue 

for the mechanical response, as it has been verified that an increasing number of aligned fibres in the 

polymeric electrospun mats can change the mechanical properties significantly, increasing the elastic 

modulus by 125% and stress yield by 150% [16]. This fact is in agreement with the difference of Young’s 

modulus among the different experimental conditions and samples, as represented in Figure 2.2. Beyond 

the fibre reorientation, it is also possible to observe that some fibres are grouped in boundless, mainly 

formed in the samples stretched along different directions than the orientation of the fibres. 
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Figure 3.3. Electrospun fibre mat morphology after different angle of stretching relatively to the fibre orientation (indicated by the arrow in the first images).
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Electrospun PVDF fibre morphology and properties are affected by processing parameters including 

initial polymer solution, solvent evaporation and collection procedure, allowing the collection of random 

or oriented fibres [53]. In the present processing conditions, PVDF random and oriented fibres show a 

fibre average diameter of 954 ± 90 and 794 ± 198 nm, respectively. The oriented fibres show typically a 

lower diameter due to the additions stretching of the fibre during the collection process in a rotating drum, 

in which solvent is still not completely evaporated [53]. Under mechanical stretching, all samples 

demonstrate a decrease in diameter with the increasing of the applied strain (Figure 3.4). After 100% 

deformation, the decrease in diameter is more pronounced for the O_0 samples, reaching a diameter of 

425 ± 108 nm. This can be explained once the force is applied along the same direction of the fibres, 

leading mainly to an actual stretching of the fibres, contrary to what happens in O_45 and O_90, where 

the force has more influence on the fibres reorientation to the stretching direction. Thus, with stretching 

along O_45 and O_90, the diameters of the fibres decrease just to 589 ± 148 and 751 ± 153 nm, 

respectively. Further, NO samples after 100% deformation presented a mean diameter of 496 ± 113 nm, 

being even lower than those for O_45 and O_90. This result is expected, since in the samples with a 

random fibre orientation, there exist a higher number of fibres along the stretching direction, 

independently of the direction of stretching, excepting for the stretching of the fibres along O_0.  
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Figure 3.4. Influence of stretching of PVDF electrospun mats in the average fibre diameter as a function 

of strain: (a) O_0, (b) O_45, (c) O_90 and (d) NO. 
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Figure 3.5 shows the orientation of PVDF fibres in the O_90 condition as a function of stretching in 

order to properly quantify the reorientation of the fibres. It is to notice that for a deformation of 16% there 

is already a clear reorientation of the fibres along the stretching directions and for 100% this reorientation 

is almost complete. The same behaviour was observed for the other samples. 
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Figure 3.5. Orientation of the fibres in the fibre mat for the O_90 sample (a) without and with (b) 3%, (c) 

16% and (d) 100% of stretching. 

 

It is important to notice that the stretching on the PVDF fibres leads to a relevant reorientation and 

modification of the fibres diameter in the fibre mat, but that others relevant surface properties of the PVDF 

mats, such as wettability are not significantly affected by the stretching once the samples with or without 

stretching present values around ≈ 145º and ≈ 133º for oriented and randomly oriented PVDF fibres, 

respectively [35]. 

Contrarily to the wettability, others relevant properties of the PVDF mats, such as polymer 

electroactive phase and degree of crystallinity are affected by the stretching (Figure 3.6 and 3.7). The 

FTIR-ATR spectra and DSC curves are presented in Figure 3.6 for oriented PVDF electrospun mats, 100% 

stretched along two different angles between stretching/fibre orientation (0 and 90º). The characteristic 

bands of the β-phase are present on FTIR-ATR spectra for all the samples analyzed (Figure 3.6a). DSC 
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scans were performed to investigate possible changes in the degree of crystallinity and melting behaviour, 

and are characterized by similar endothermic peaks, characteristic of the melting of the polymer (Figure 

3.6b).  

Figure 3.6. (a) FTIR-ATR spectra and (b) DSC curves of oriented PVDF electrospun mats with and without 

10 wt.% CFO, 100% stretched along two different angles between stretching/fibre orientation (0 and 90º). 

 
Comparing the PVDF with and without stretching, it is observed a higher decrease of the degree of 

crystallinity when the angle between the stretching and the fibre orientation is 0º. The values decrease 

from ≈ 48% for pure PVDF fibres to 30 and 41%, for O_0_100% and O_90_100%, respectively. The 

electroactive β-phase of the pure PVDF fibres (≈ 83%) shows a small increase for the samples O_0 with 

100% of stretching (≈ 92%), however is observed a decrease on β electroactive phase for the sample 

O_90_100% (≈ 79%). So, the stretching on the same direction of fibre orientation improves the β-phase 

formation. Thus, whereas stretching decrease the degree of crystallinity mainly by breaking up ill-

crystallized crystals in the amorphous-crystalline interface regions, it improves the relative β-phase 

content of the crystalline phase as the a to -phase transformation of the polymer chains is improved 

by stretching both in the crystalline and interfacial amorphous regions of the polymer [33]. 
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Figure 3.7. Crystallinity degree and beta phase of the different fibres samples with and without stretching. 

The associated error is 2% for crystallinity degree and 3% for beta phase. 

 
3.3.2 CFO/PVDF fibre mats 

The introduction of CFO nanoparticles in PVDF fibres allows to introduce magnetic [54], 

magnetostrictive and ME properties to the fibre mats [48], with large application potential for TE 

strategies. In fact, it has been reported that the ME cell stimulation is a suitable approach for novel TE 

strategies, once ME composites enhanced up to 25% the cell proliferation under the mechanical and 

electrical stimulation [41]. 

The FTIR-ATR spectra and DSC curves of PVDF electrospun mats with 10 wt.% CFO with 100% 

stretched along two different angles between stretching/fibre orientation (0 and 90º) are also presented 

in Figure 3.6. The introduction of CFO on PVDF samples show a slight decrease of the degree of 

crystallinity but these values are similar when the stretching is applied (Figure 3.6b and 3.7). 

The introduction of CFO nanoparticles on the oriented PVDF fibres results in an increase on the β-

phase (≈ 91%) when compared to the PVDF fibres without nanoparticles. This can be explained by the 

interactions between the negatively charged surface of the CFO nanoparticles and the positively charged 

polymer CH2 group that promotes the nucleation of the polar β-phase [47, 48]. The stretching on these 

samples, CFO/PVDF fibres, also improve the β-phase formation as it happened in the PVDF fibres without 

nanoparticles (previously mentioned) ≈ 98% for O_0º_10%Co_100% and ≈ 96% for O_90º_10%Co_100%. 

It is also observed that, contrarily to PVDF fibres, for CFO/PVDF fibres, the β-phase does not decrease 

significantly when the angle between the stretching and fibre orientation is 90º, attributed to the 

reinforcement effect of the nanoparticles. 
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Fibre mats were prepared with filler contents of 5, 10 and 20 wt.% The composite fibre mats (data 

not shown) are similar to the ones presented in Figure 3.3 and show an average diameter of 417 ± 98 

and 442 ± 90 nm, respectively. Therefore, the CFO nanoparticle content has no significant impact on the 

nanofibres average diameter [48]. The diameters of oriented electrospun PVDF fibres range from around 

794 ± 198 nm, so the introduction of CFO nanoparticles makes the nanofibres thinner due to the increase 

of the electrical conductivity of the solutions and strong electrostatic interactions of the nanoparticles with 

the polymer chains [36]. CFO nanoparticles make also the diameter of the nanofibre more uniform, due 

to the increase of the solution conductivity with the addition of CFO. Further, as previously demonstrated, 

the CFO nanoparticles are well encapsulated in the PVDF fibres without agglomerates [48]. 

With respect to the mechanical measurements of CFO/PVDF oriented fibres, these samples present 

similar mechanical properties (Figure 3.8) and stress-strain behaviour than the pure PVDF fibres (Figure 

3.2). However, it is possible verified a decrease on (%) strain of break and also a slight increase on the 

tensile strength for all the PVDF fibres samples with 10 wt.% CFO. The same behaviour is observed for 

the samples with a concentration of 20 wt.% CFO. Independently of the samples, the strain break of all 

PVDF fibres with wt.% CFO break above 125% of strain. 
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Figure 3.8. Mechanical response of the CFO/PVDF electrospun fibres: stress-strain characteristic 

behaviour for stretching along 0, 45 and 90º with respect to the orientation of the oriented fibres with 10 

wt.% CFO. 

Table 3.3 shows the variation of Young’s modulus with increasing cobalt ferrite concentration in the 

PVDF oriented fibres as well as the corresponding yield point for each sample. The introduction of the 

CFO nanoparticles changes the mechanical properties of the pure fibres. Further, for the O_0 

experimental condition, the Young modulus increases with increasing filler concentrations, in particular 

for filler concentrations up to 10%, stabilizing for higher concentrations. In contrast, when the angle 

between the stretching and fibre orientation is 90º, the value of the Young modulus shows a slight 
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decrease with increasing filler content. Relatively to the yield point, the values increase relatively to the 

pure PVDF fibres independently of the angle between the stretching and fibre orientation (0 or 90º). No 

significant changes are observed with the increase of CFO nanoparticles concentration. Thus, the 

inclusion of the filler acts as reinforcement of the material itself, but not of the fibre mat. 

 
Table 3.3. Young modulus and yield point of CFO/PVDF fibres for stretching at 0 and 90º with respect to 

fibre orientation. Values shown as mean ± SD. 

 E (MPa) Yield point (Strain %) Yield point (Stress MPa) 

O-5% Co_0 250.57 ± 23.80 19.98 ± 2.20 51.87 ± 8.32 

O-5% Co_90 23.94 ± 3.51 9.27 ± 1.27 2.32 ± 0.12 

O-10% Co_0 308.71 ± 30.62 19.80 ± 2.84 56.40 ± 3.11 

O-10% Co_45 25.55 ± 2.66 11.16 ± 0.48 3.16 ± 0.43 

O-10% Co_90 14.01 ± 2.47 8.91 ± 1.21 1.44 ± 0.02 

O-20% Co_0 287.69 ± 11.85 18.70 ± 0.80 53.91 ± 1.70 

O-20% Co_90 10.45 ± 0.27 9.42 ± 0.65 0.98 ± 0.04 

 

3.3.3 Implications in tissue engineering applications 

The effect of fibre reorientation under mechanical stretching is particularly relevant for TE 

applications once it has implications for mechanically guided maturation of specific tissues [55-57]. Thus, 

it has been demonstrated that the orientation of mesenchymal stem cells and changes in nuclear 

morphology were strongly dependent on the fibres direction. This was further translated to changes in 

gene expression depending on fibre alignment [51]. Furthermore, the fibre diameter is a parameter that 

influence the cell behaviour [58], so it is an important parameter to relate to the applied mechanical 

solicitation, once different biomedical applications require different diameter values [59]. 

The relationship between CFO and cells has been studied from the point of view of safety. Several 

studies have reported the occurrence of some adverse effects, such as changes in cell morphology, 

mitochondrial function, plasma membrane permeability and apoptosis [60]. It is essential to understand 

the interactions between biological systems and nanomaterials, so in vitro experiments with different cell 

lines represent a very useful tool [61]. It is to notice that, in particular, the presence of magnetic and 
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magnetostrictive nanoparticles will allow cell culture under induced magnetomechanical [62] and 

magnetoelectrical stimuli [41] that can be of relevance for specific cells.  

The potential application in TE of these samples leads to study the cytotoxicity of these composite 

samples, once it is already demonstrated the biocompatibility of the PVDF electrospun mats [35]. Figure 

3.9 shows the effects of polymer extract medium on metabolic activity of two cell types, namely C2C12 

and 3T3, to analyze the CFO effect before and after 100% stretching of CFO/PVDF fibres. The pure PVDF 

fibres already demonstrated biocompatibility and potential application in TE [35]. 
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Figure 3.9. Cytotoxicity assay of (a) 3T3 and (b) C2C12 cells in contact with the conditioned media 

exposed with the different CFO/PVDF samples for 24 and 72 h (relative cell viability was presented as 

the percentage of control (n = 4) ± SD). 

 
According to the ISO standard 10993-5, it is verified that all the samples are not cytotoxic, once the 

samples are considered cytotoxic when the cell viability reduction is larger than 30% and after 72 h the 

cell viability values are higher than 70%. Independently of the CFO concentration (10 and 20%) and with 

or without stretching. So, these CFO/PVDF fibres are not cytotoxic for the two type of cells used in this 

work. These results also demonstrate that CFO nanoparticles are well encapsulated on PVDF fibres. 

Thus, a novel approach for TE applications can be achieved by materials with a ME response, the 

ME materials [48, 63]. These materials allow the use of an external magnetic field to remotely control 

tissue stimulation without the need of patient movement once there combining magnetostrictive and 

piezoelectric materials. Previous study reported that Terfenol-D/P(VDF-TrFe) composites films being 

observed that they are able to provide mechanical and electrical stimuli to MC3T3-E1 pre-osteoblast cells 

being the stimuli remotely triggered by an applied magnetic field films [41]. Electrospun fibres and ME 

response show thus a large potential for TE, so it will be interesting study the influence and suitability of 

these CFO/PVDF fibres on cell behaviour.  
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3.4 Conclusions 

PVDF electrospun fibre mats with aligned and randomly oriented fibres were produced and subjected 

to mechanical stretching along three different directions, 0, 45 and 90º, relative to the fibre orientation 

within the fibre mats in order to study the variation in fibre mats morphology and mechanical response. 

The effective Young’s modulus for the oriented fibre mats depends significantly on the stretching direction. 

Being 225, 27 and 23 MPa for the 0, 45 and 90º angles, respectively. All samples demonstrated a 

reorientation of the fibres along the stretching direction, where the reorientation is less pronounced in the 

O_0 samples, since the direction of the fibres corresponds to the stretching direction. A decrease in the 

average diameter of the fibres is also verified with increasing applied strain. The introduction of cobalt 

ferrite nanoparticles in PVDF fibre mats further slightly changed their mechanical properties, increasing 

the Young´s Modulus to 308.71 MPa with 10 wt.% of CFO nanoparticles. Additionally, there is an increase 

of the strain value at break when subjected to stretching at the same direction of the fibres orientation, 

but a decrease when the angle between the stretching direction and fibre orientation is 90º. These 

variations must be quantitatively taken into account when the fibre composite mats are used as scaffolds 

for TE applications. 
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 Electroactive biomaterial surface engineering 

effects on muscle cells differentiation 
 

PVDF has been proven to be a suitable as a substrate for skeletal muscle tissue engineering in the form of film and 

fibres in the myoblast proliferation. This chapter describes how the surface properties of the material, both in terms of 

the poling state (positive or negative net surface charge) and of the morphology (films or fibres) influence myoblast 

differentiation before dynamic tests. Quantitative analysis of myotube fusion, maturation index, length, diameter and 

number were evaluated as well as immunofluorescence staining of the myosin heavy chain present in the myotubes.  
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biomaterial surface engineering effects on muscle cells differentiation; Materials Science and Engineering C, 92, 868-874, 2018. 



Chapter 4 – Electroactive biomaterial surface engineering effects on muscle cells differentiation 
 

101 

 

4.1 Introduction 

The loss or failure of an organ or tissue is one of the most frequent, devastating and costly problems 

in health care. Musculoskeletal conditions are the most common cause of severe long-term pain and 

physical disability [1], and they affect hundreds of millions of people around the world [2]. The 

musculoskeletal system, which includes bone [3], cartilage [4], tendon/ligament [5] and skeletal muscle 

[6], is becoming the main target for TE because of the high need for regeneration and/or repair.  

Skeletal muscles, comprising between 40 to 45% of an adult human body mass, are mainly 

responsible for generating forces which facilitate voluntary movement, postural support, breathing and 

locomotion [7]. Skeletal muscle injuries can stem from a variety of events, including direct trauma such 

as muscle lacerations, contusions or strains, and indirect causes, such as ischemia, infection or 

neurological dysfunction [8]. In response to minor injuries, skeletal muscle possesses a remarkable 

robust innate capacity for regeneration [9]. However, severe injuries that result in muscle mass loss of 

more than 20% can lead to extensive and irreversible fibrosis, scaring and loss of muscle function [10]. 

In such cases, reparative fibrosis overpowers formation of new muscle, leaving an excess of scar tissue 

that eventually yields a sub-innervated, malfunctioning muscle. Furthermore, with aging and severe 

congenital disorders, the loss of muscle mass and function is additionally exacerbated by the reduced 

self-renewing capacity of satellite cells [9]. 

In this sense, TE and regenerative medicine are growing fields of interest in human life sciences due 

to promising results in regenerating, maintaining or improving almost every tissue function of the human 

body by combining optimized biomaterial scaffolds, cells and growth factors [11]. The biomaterial scaffold 

acts as a tool to locally control and guide tissue regeneration, more specifically, its architecture and 

physical properties play an important role from the cell seeding procedure to the processes of cell 

proliferation and differentiation [12]. In the human body, various biophysical and biochemical stimuli 

govern the development and maintenance of tissue structure and functionality. Chemical, mechanical, 

topography/microstructure, electric and magnetic stimuli are critical cues in the formation, function and 

regeneration of tissues and organs [13-15]. In this sense, in vivo electric signals directly influence the 

development, function and repair of many tissues and organs. Skeletal muscle cells develop endogenous 

electrical fields in the form of membrane potentials, which demonstrate the importance of the application 

and modulation of electrical stimuli [16]. Muscle tissue consists of aligned bundles of multinucleated, 

striated and contractile muscle cells, the myofibres [17]. It has been demonstrated that electrical 

stimulation not only influences muscle cell phenotype, myosin expression and contractile sarcomere 

assembly, but can also modulate fiber type switch, and induce contractility in differentiated myotubes 
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[18]. C2C12 myoblasts, a murine myoblast cell line, is routinely used as an experimental model of skeletal 

muscle [6]. Myotubes differentiated from C2C12 myoblasts can be used to monitor skeletal muscle cell 

contraction and activity [19-20]. It has been demonstrated that Ca2+ transient fluxes in C2C12 myotubes 

induced by electrical pulse stimulation can accelerate the combination of functional sarcomeres and 

stimulate contractile activity of cells [21]. Furthermore, C2C12 skeletal muscle cells cultured on positively 

and negatively charged polyelectrolyte layer-by-layer polymeric nanofilms demonstrate that negative 

charge and the increase of the molecular weight promote myotube formation with high fusion index [22].  

As electrical signals, in particular electromechanical signals, constitute one of the main physical 

stimuli present in the human body, electroactive scaffolds based on piezoelectric polymers have shown 

strong potential for TE [3, 23] with different cellular models, such as C2C12 myoblast [6], MC3T3-E1 

pre-osteoblast [24-25], human adipose stem cells [3] and also in in vivo study [26]. Piezoelectric polymers 

are able to induce transient surface charge boosting cell growth and differentiation compared with non-

piezoelectric controls. In this way, such electromechanical stimulation can be conducted effectively by 

piezoelectric polymers, such as PVDF that is a biocompatible polymer with the largest piezoelectric 

response. PVDF is a semi-crystalline polymer with five known crystalline forms: β, α, γ, δ and Ɛ, the β-

phase showing the strongest piezoelectric response [27-28]. Further, materials with a ME response based 

on the combination of magnetostrictive and piezoelectric materials have been proposed as a new 

approach for TE [29-30], allowing magnetically induced piezoelectric stimulation of cells. 

In this context, the main objective of the present study is to elucidate the influence of the poling state 

in the behaviour of C2C12 myoblast cell line cultured on β-PVDF films, quantifying the differentiation 

capabilities of myoblasts, such as the fusion and maturation index. Three kinds of β-PVDF films were 

used: non-poled - no charged surface, “poled +” - positively charged side of the sample and “poled –” - 

negatively charged side of the sample. Oriented and random electrospun fibres were used to evaluate the 

effect of piezoelectric support morphology on cell response. C2C12 differentiation into myotubes was 

analyzed in order to provide quantitative information on the regeneration potential of skeletal muscle 

through piezoelectric polymers. 

 
4.2 Experimental Section 

4.2.1 Materials 

PVDF (Solef 5130, MW 1,000-1,200 kg/mol) and DMF were purchased from Solvay and Merck, 

respectively.  
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4.2.2 Preparation of the samples 

A 20 wt.% solution of PVDF in DMF was prepared under magnetic stirring at room temperature until 

complete dissolution of the polymer. For PVDF films, the solution was spread on a clean glass substrate 

and heated (J.P. Selecta) to 220 ºC for 10 min for solvent evaporation and polymer melting. Then the 

samples were cooled at room temperature. After that, the polymer is predominantly in the α-PVDF, so to 

obtain β-PVDF, the conventional stretching is carried out and films with a thickness around 110 µm were 

obtained [31]. Sample poling (orientation of the dipolar moments along the thickness direction of the 

samples) was achieved by Corona discharge inside a home-made chamber (10 kV and 10 µA during 120 

min at 120 ºC) and cooling down to room temperature under applied electric field, after an optimization 

procedure [31]. The piezoelectric response (d33) of the poled films was obtained with range d33-meter 

(model 8000, APC Int Ltd). The d33 coefficient of the poled samples is ≈ |24| pC.N-1 [27]. 

The PVDF electrospun fibres were processed after the experimental procedure presented in [31-32]. 

In order to obtain these PVDF electrospun fibres, the same procedure as described on Chapter 2 (section 

2.2.3.1) was performed (with a steel needle with inner diameter of 0.5 mm at 14 kV with a feed rate of 

0.5 mL.h-1). Oriented and random oriented fibres were prepared.  

The surface charge and morphological features of the films and fibres has been previously reported 

in [33] and [32], respectively. WCA, essential for properly understanding cell materials interaction, is 83.1 

± 2.2º; 51.3 ± 3.1º and 45.0 ± 1.6º for the non-poled, positive poled and negative poled PVDF films, 

respectively [6]. Further, the WCA is 135.1 ± 3.0º and 115.6 ± 3.3º for oriented and random fibres, 

respectively [6]. 

 
4.2.3 Membrane sterilization 

Circular PVDF samples for in-vitro assays: non-poled, “poled +”, “poled –” β-PVDF films, random 

and oriented β-PVDF nanofibres, were cut with 13 mm of diameter. The samples sterilization was done 

as showed on chapter 2 (section 2.2.3.3.1). Then, the samples were placed in a 24-well cell culture 

plates. 

 
4.2.4 Cell culture 

C2C12 cells were grown in 75 cm2 cell-culture flask. The composition of the medium, i.e. basal 

medium (BM) and the conditions of cell culture are the same as described on Chapter 2 (section 

2.2.3.3.2). C2C12 cells were seeded on the different PVDF films and fibres at a density of 4x104 cells.mL-1 
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and 1x105 cells.mL-1, respectively. The samples were placed in 24-well plates and incubated in BM, as 

previously described, until becoming confluent. For proliferation assessment, the cells were maintained 

in BM for 8 days at 37 ºC in a saturated humidity atmosphere containing 95% air and 5% CO2. For the 

differentiation experiments, in order to induce myotube formation, the BM of the C2C12 cells was 

changed to differentiation medium (DM) and the culture was also maintained for 8 days, as in the 

proliferation studies. The DM was composed of DMEM supplemented with 2% FBS and 1% P/S. The 

decrease of the serum percentage in the medium (DM) leads the cells to be exposed to less factors. 

Under these conditions, cells stop proliferation and start a differentiation process [34]. In all cultures the 

medium was renovated daily.  

 
4.2.5 Immunofluorescence staining 

After 3, 5 and 8 days of culture in BM or DM, cells seeded on different samples were subjected to 

immunofluorescence staining to analyse the presence of MHC. MHC are contractile proteins that are part 

of the thick filaments of the functional unit of the skeletal muscle. In this way, only the functional myotube 

exhibits MHC, although it appears in the formation of more myotubes. At each timepoint, the medium of 

each well was removed and the cells were washed with PBS and fixed in 70% ethanol-37% formaldehyde-

glacial acetic acid (20:2:1) solution for 10 min at 4 ºC and then blocked with a blocking solution (5% goat 

serum and 0.3% triton X-100 in PBS) for 1 h at room temperature. After this, the samples were incubated 

with monoclonal mouse IgG2B Clone MF20 antibody (R&D Systems, Catalog number: MAB4470) at 1:50 

in 5% goat serum in PBS at room temperature for 1 h, washed in 0.5% PBS-Tween 20 and then labelled 

with anti-mouse IgG-NL557 secondary antibody (R&D Systems) diluted 1:200, also in 5% donkey serum 

in PBS at room temperature and in the dark for 1 h. The cells were subsequently counterstained with 1 

µg.mL-1 of DAPI for 5 min at room temperature in the dark, rinsed in 0.5% PBS-Tween 20 and then with 

distilled water. The samples were carefully removed from the wells, mounted on slides with the cells 

facing towards the microscope slide and visualized using a fluorescence microscope (Olympus BX51) 

with the appropriate filter sets for the used label. 

 
4.2.6 Calculation of fusion and maturation index per area  

The fusion index was calculated as the ratio of the nuclei number in myotube with two or more nuclei 

versus the total number of nuclei. The maturation index was defined as myotubes having five or more 

nuclei. Myotube number per area was calculated by dividing the number of myotubes in each pattern by 

the respective area of the pattern and after converted to an area of 1 mm2. Length, width and the ratio 
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between them was also calculated. All the tests were calculated using the ImageJ software. Experiments 

were performed on three samples for each condition, and by analyzing ten images for each sample. The 

graphs were designed in OriginPro 8.5, and Photoshop CS5 was used to assembly the figures for 

publication. Data are presented as mean ± standard error of mean (s.e.m.) from triplicates samples of 

two independent experiments. 

 
4.3 Results 

4.3.1 Influence of polymer film polarization on myoblast differentiation 

Individual myoblasts fuse to form multinucleated myotubes during myogenic cell differentiation, 

which can be induced by applying well established protocols. In this study, cells were grown on the 

materials in the presence of two different culture media: 1) with DM for 8 days to induce cell differentiation 

and 2) with BM to assess the influence of the poled surface in the expression of the myogenic 

differentiation marker MHC. 

MHC, which is the motor protein of muscle thick filaments that regulates muscle function, was 

expressed only on the differentiated myotubes. Figure 4.1 shows the fluorescence images of C2C12 

myoblasts cultured on different β-PVDF film surfaces (non-poled, “poled +” and “poled –”) and on 

polystyrene plate with the two different media, BM and DM. 
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Figure 4.1. Fluorescence microscopy images of myoblasts differentiated on polystyrene and on the 

different PVDF films for 8 days with different media, containing (a-d) 2% FBS and (e-h)10% FBS. Myofibres 

were fixed and stained with a MHC-specific antibody (red) and the nuclei counterstained with DAPI (blue). 

Scale bars represent 100 μm for all images. 

As shown in figure 4.1, all the materials with and without surface charge support C2C12 myoblasts 

differentiation as evidenced by the presence of MHC in all the samples after 8 days of cell culture. Thus, 

β-PVDF films effectively promote myogenic differentiation of C2C12 myoblast even without DM.  
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Figure 4.2 shows the fusion and maturation index, which is calculated as the number of fibres in the 

MHC stained region with more than two nuclei (figure 4.2a) and with five or more nuclei (figure 4.2b), 

respectively, divided by the total number of myotubes in the vision field. 
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Figure 4.2. Quantification of the (a) fusion and (b) maturation index for the C2C12 cells seeded on control 

and different β-PVDF films (non-poled, “poled –” and “poled +”) with BM and DM for 5 and 8 days of cell 

culture. The fusion index was calculated as the ratio of the nuclei number in myotubes with two or more 

nuclei versus the total number of nuclei and the maturation index was calculated as the ratio of the 

myotube with 5 or more nuclei versus the total number of myotubes. The represented percentage is with 

respect to the fusion and maturation index of control at 5 days of differentiation without DM. 

 
The results show a progressive increase in differentiation parameters between 5 and 8 days of 

differentiation for all the samples with either cell culture medium tested. Comparatively to the fusion index 

in the control at 5 days without DM, the samples β-PVDF “poled –” show higher fusion index relatively to 

all others. This fact indicates that negatively charged PVDF samples improve C2C12 myoblast cell 

adhesion and proliferation, which is in agreement with a previous study [6]. β-PVDF “poled –” showed 

2.1 fold higher differentiation compared to non-poled β-PVDF (1.2 fold) and “poled +” β-PVDF (1.7 fold). 

After 8 days of differentiation with the same medium, the fusion index increased in all samples, 

particularly with “poled +” β-PVDF, which led to 6.92 fold higher fusion index when compared to the 

others.  

Figure 4.2a also shows the fusion index of all samples grown with DM comparatively to the control 

at 5 days, cultured without DM. Similar values are observed after 5 days of differentiation without DM, 

however the value is slightly lower for “poled –” β-PVDF. After 8 days, the fusion index values also increase 

but comparatively lower with regard to the values obtained after 8 days of differentiation with BM. The 
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materials with surface charge led to higher values than non-poled β-PVDF, while there was no significant 

differences in differentiation of cells grown on “poled +” or “poled –” β-PVDF. 

The maturation index (percentage of myotubes with five or more nuclei) was also used as a 

parameter to evaluate the differentiation of C2C12 myotubes. These parameter’s values were compared 

with that of cells cultured on control sample for 5 days without DM (figure 4.2b). The cells grown with DM 

showed for the same sample, highest maturation index than the fusion index. The maturation and fusion 

indexes at 8 days of differentiation obtained with positive and negatively charged samples, “poled +” 

β-PVDF and “poled –” β-PVDF, showed no significant differences compared with the control (5 days of 

differentiation with BM). It is also evident, in figure 4.2b, that cell culture with BM for 5 and 8 days on 

“poled +” β-PVDF yields the highest fusion index and myotubes with higher maturation when compared 

with the other samples cultured with the same medium. Thus, on β-PVDF films, the DM can promote 

myotubes with higher maturation. 

The size of myotubes, more specifically their length and diameter, after cell culture with the two 

media previously described was investigated and the results are shown in figure 4.3. 
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Figure 4.3. Mean of (a) length and (b) diameter of myotubes obtained by fusion of C2C12 cells grown on 

control and different β-PVDF films (non-poled, “poled –” and “poled +”) with either BM or DM for 5 and 

8 days of cell culture. 

 
Figure 4.3a shows that higher values of maturation index are also associated with longer myotubes. 

The myotubes obtained by fusion of C2C12 myoblast cells cultured on samples with DM present the 

highest values. After 8 days of cell culture with DM, all β-PVDF samples lead to a higher mean length 

compared to that of the control. Myotubes grow significantly longer between 5 and 8 days with“poled –” 

β-PVDF with DM, 120.7 ± 8.8 and 206.8 ± 17.3 µm, respectively. “Poled +” β-PVDF and non-poled β-

PVDF support myotubes with 175.1 ± 11.6 and 151.2 ± 12.1 µm, respectively, after 8 days with the 
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same culture medium. Myotubes grown on all PVDF samples with BM are smaller compared to those 

incubated with DM. The “poled +” β-PVDF samples support the biggest myotubes, with 146.4 ± 6.7 µm, 

in association with the highest maturation index value. Interestingly, no significant differences exist 

compared to the size of myotubes at 5 days of differentiation, 134.7 ± 8.4 µm. 

The average diameter of the myotubes obtained with the different PVDF samples are presented in 

figure 4.3b and shows that the diameter means of myotubes cultured on the PVDF samples with DM 

ranged between 22.5 and 26.6 µm after 8 days of differentiation. “poled –” β-PVDF led to a higher 

difference in diameter between 5 and 8 days of cell culture. The diameter of myotubes obtained with BM 

was smaller when compared to the others, as depicted in figure 4.3b (13.8 to 14.1 µm after 8 days of 

cell proliferation with all PVDF samples). 

The myotube number was also quantified and the results are represented in figure 4.4.  
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Figure 4.4. Number of myotubes present in 1 mm2 of the different samples, such as control and β-PVDF 

films (non-poled, “poled –” and “poled +”), cultured with BM and DM for 5 and 8 days of cell culture. 

 
Figure 4.4 shows that there is a higher number of myotubes per area on the samples cultured with 

BM, which is in agreement with the previous results once myotubes with higher maturation are obtained 

with DM, which leads also to larger myotubes and, therefore, to lower number of myotubes per area. 

 

4.3.2 Influence of polymer fiber orientation on myoblast differentiation 

The obtained PVDF fibres present a diameter of approximately 500 nm and a WCA of 135.1 ± 3.0º 

for oriented fibres and slightly lower (115.6 ± 3.3º) for randomly oriented fibres. Relatively to the 

electroactive beta phase and crystallinity, both PVDF fiber mats show values around 48 and 83%, 

respectively. It is to notice that after the electrospinning process the fibres are piezoelectric and self-poled 
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with a positive surface charge [35]. Thus, electrospun fibres essentially represent just a morphological 

modification with respect to PVDF films. 

The different PVDF morphologies were used as supports for cell viability studies in order to improve 

specific TE approaches [36], in particular for muscle cells, due to their fibrillar microstructure. Electrospun 

fibres seem to be a promising approach for skeletal muscle TE as they share a similar architecture to the 

natural living systems of the muscle cells [37]. Figure 4.5 shows the SEM images of C2C12 myoblasts 

cultured on different PVDF electrospun fibres, oriented and random, after eight days of cell culture with 

DM. 

 

Figure 4.5. SEM micrographs of PVDF (a) random and (b) oriented electrospun fibres with C2C12 

myoblast cells after eight days of culture. 

 
4.4 Discussion 

PVDF is an electroactive polymer with excellent biocompatibility [6] and a high Young’s modulus of 

2 GPa [38], the fibres showing a lower effective Young´s modulus around 220 MPa [39], mainly due to 

fiber reorientation during mechanical stretching. The mechanical characteristics of PVDF influence 

cellular activities, as PVDF scaffolds can support adhesion, proliferation and differentiation of cells [23, 

40]. It has been reported that PVDF directly influences cell adhesion, proliferation and differentiation 

depending on cell type [3, 41], morphology [42] and poling state [6, 43].  

Previous studies reported that after just one day of cell culture, the morphology of C2C12 cells 

revealed some differences depending on the support given by different PVDF films [6]. It is also 

demonstrated that the films with surface charge improve myoblast proliferation, wherein β-PVDF “poled 

–” show the best results. The surface charge is a relevant parameter for cell morphology and proliferation 

[6], so it is a relevant parameter to take into account for myoblast differentiation.  

DM, applied to promote myogenic differentiation of C2C12, includes a lower percentage of serum 

compared to the BM, used for regular maintenance of this cell line. It is known that upon reduction of 
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serum present in the medium, the myoblast cell cycle arrests and these cells start to differentiate, align 

and fuse, forming multinucleated myotubes [44], which are the building blocks for skeletal muscle. 

Therefore, understanding the differentiation process of C2C12 skeletal myoblasts in vitro will allow to get 

insights on the mechanisms of myogenic differentiation in vivo. In this study, after 8 days of cell culture, 

it was demonstrated that the β-PVDF also influences myoblast differentiation although without significant 

differences between the two poling states tested, positive and negative. 

The samples cultured with DM that show the lowest fusion index, lead to the highest myotube 

maturation index which can be related with the fact that the DM better supports myotube maturation. 

Skeletal muscle generally consists on bundles of multinucleated myofibres and can be distinguished 

by morphological properties such as shape, orientation innervation, attachment sites and size. These 

unique properties allow for considerable muscle diversity generating muscles to produce a variety of 

movements and functions [45]. These properties can be influenced by the surface charge of the material 

they grow on. The maturation index can also be associated with the size of myotubes [46]. The diameter 

of the myotube is another relevant parameter as it is an important indicator of the contractile force 

generation ability of the muscle [47]. 

The fact that the number of myotubes per area is higher on samples cultured with BM can be 

inversely correlated with the higher length and maturation index of myotubes obtained with PVDF samples 

and cultured with DM. In this way, PVDF promoted myogenic differentiation of C2C12 cells as evidenced 

by this quantitative analysis and also others already discussed here.  

It has been demonstrated that the PVDF fibres influence cell morphology [6] and consequently the 

fiber topography directs cytoskeletal reorganization to orient cells longitudinally along the axis of the fiber 

[48]. It has been reported that myoblasts likely fuse in an end-to-end configuration, and therefore the 

linear morphology of the support favors the linear form, rather than irregular myotubes and consequently 

to reproduce the muscle force [49]. Similarly, the inherent electrical excitability of muscle cells inspired 

the use of electroactive scaffolds for skeletal muscle TE [50]. Silk fibroin/melanin composite electrospun 

fibres maintained the proliferation of C2C12 cells and improve the differentiation of the myoblast cells 

into multinucleate myotube on the aligned fibres compared to the corresponding films, demonstrating the 

importance of the topography and conductivity of the scaffolds for muscle TE [50].  

The surface characteristics of biomaterials, including their topography, plays an essential role in cell 

behaviour and cellular processes [51-52]. In order to enter into myogenesis (the differentiation process), 

myoblasts need to exit the cell cycle [53]. During this process, successive events occur and are regulated 

by several factors, such as transcription factors and regulatory mechanism of several proteins (such as 
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transforming growth factor β and protein kinase C). So, varying charged surfaces and topographies (figure 

4.6), allows to influence those processes at the molecular level through electrostatic interactions, 

modifying muscle fiber formation and enhancing differentiation of myoblast cells. 

 

Figure 4.6. Schematic representation of cell behaviour depending on the topography and surface charge. 

 
So, the results prove the potential of the use of piezoelectric biomaterials for muscle TE, allowing the 

combination of charged and aligned materials to tailor cell response. So, these physical stimuli (electrical 

signals and scaffolds topography) are important factors to consider to obtain biomimetic tissues. Further, 

specific bioreactors can apply mechanical stimuli to the piezoelectric scaffolds in order to produce voltage 

variation that have shown to be suitable for other cell types, such as bone cells [3]. So, under dynamic 

conditions, the developed samples can further improve myoblast proliferation and differentiation.  

 
4.5 Conclusions 

This work demonstrates that charged surfaces of piezoelectric polymers promote myogenic cell 

differentiation. It is shown that positively charged surfaces of β-PVDF samples with the BM show a higher 

fusion index comparatively to negatively charged surfaces and non-poled samples. Further, the maturation 

index is higher for cells grown on surface charged samples in the presence of DM, with no significant 

differences in positive and negatively charged surfaces. With respect to the effect of the scaffold 

morphology, oriented electrospun PVDF fibres promote the alignment of the cells that is important for the 

differentiation and morphology of skeletal muscle tissue in the human body. Therefore, it is demonstrated 

that electroactive biomaterials are a valuable approach in muscle regeneration therapies.  
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 Surface charge mediated cell-surface 

interaction on piezoelectric materials 
 

PVDF are the polymers with the largest piezoelectric response. Cell-material interactions play an essential role in the 

development of scaffold-based tissue engineering strategies. Being Surface characteristics are very important 

properties of materials for tissue engineering. This chapter describes the influence of the surface charge of piezoelectric 

PVDF on cell adhesion. The cytoskeletal organization and focal adhesions of C2C12 myoblast cells on different PVDF 

samples was studied by immunofluorescence staining with and without FBS. The study of the interactions between 

single live cells and PVDF were analyzed using an AFM technique termed SCFS was evaluated obtaining the 

quantification of adhesion force, adhesion energy and detachment length. 
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Méndez, Surface charge mediated cell-surface interaction on piezoelectric materials; Submitted 2019. 
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5.1 Introduction 

Piezoelectric materials undergoing mechanical deformation generate an overall surface charge 

variation (direct piezoelectric effect) or expand/contract in the presence of an applied voltage [1]. 

Piezoelectricity was first reported in 1880 by Jacques and Pierre Curie [2] and since then piezoelectric 

materials have been used in different areas such as energy harvesting, sensors and actuators, electronics, 

biotechnology and, more recently, TE [3-5]. In particular, piezoelectric polymers are attractive for these 

applications due to them being easily tailored at the nano-, micro- and macroscale, produced at low-

temperatures and at relatively low cost, and characterized by their flexibility and light weight [6]. A variety 

of natural and synthetic piezoelectric polymers with different surface properties, such as surface charge 

or roughness, have recently emerged as biomaterials for TE applications [7]. The use of natural polymers 

is still inferior to their synthetic counterparts due to their poor mechanical and electrical properties, as 

well as their often-difficult processing (i.e. isolation/extraction and the possibility to produce larger 

quantities) and their fabrication, which is less straightforward at this stage. As such, the synthetic 

piezoelectric polymers have been the largest group of biocompatible polymers used for TE [8], mainly 

acting as a passive support for cell proliferation and differentiation.  

Many of the major functions in cells and organs of the human body are controlled by ionic currents, 

electric fields, ion flow and voltage gradients produced by ion channels and pumps, which are key 

regulators of cell proliferation, migration and differentiation [9]. Herein, it has been shown that 

piezoelectric materials can be relevant for TE strategies by enabling electrical stimulation via a mechanical 

stimulus, which is important for a range of tissues like bone, tendons, ligaments, cartilage and muscle 

[10, 11]. It is important to emphasize that skeletal muscle is not a piezoelectric tissue, such as bone, but 

critically requires electro-mechanical stimulus to promote tissue growth and development and, for this 

reason, piezoelectric polymers represent a promising new approach for skeletal muscle TE [12]. 

Piezoelectric polymeric biomaterials such as poly(vinylidene fluoride), PVDF, have been shown to have 

the necessary biocompatibility and deliver electro-mechanical stimulus to specific cell types [13-15]. More 

specifically, the effect of PVDF surface charge on the proliferation [14] and differentiation [15] of C2C12 

myoblast cells has previously been demonstrated (Figure 5.1). Analysis of the cell differentiation showed 

that the maturation index of the formed myotubes was higher on electrically poled samples consisting of 

surface charges in the presence of differentiation medium, with no significant differences between the 

positively (“poled +”) and negatively (“poled –“) charged surfaces. C2C12 proliferation on β-PVDF showed 

that surface charge (of the poled samples) promoted the elongation of the cells after 1 day. In contrast 

to the morphology, where both polarizations (“poled +” and “poled –”) promoted the elongation, it was 
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found that C2C12 proliferation was higher on the "poled –" β-PVDF. To rationalize effects from the 

physical surface properties, earlier studies have shown that β-PVDF films have a surface roughness of 

≈ 42 nm from peak-to-peak, with no differences between the non-poled and poled β-PVDF samples [16]. 

However, the polarization of the PVDF electroactive crystalline phase was shown to affect the wettability 

of the films. The non-poled β-PVDF films were more hydrophobic, with a WCA of 76.8º, whereas the poled 

β-PVDF films with surface charge had lower WCA of  31.8º and 51º for “poled +” and “poled –”, 

respectively [17], suggesting that surface charge and energy play a role in determining the C2C12 

proliferation and differentiation.  

 

Figure 5.1. Schematic representation of the work on C2C12 myoblast proliferation and differentiation on 

β-PVDF films with different polarization states. 

 
However, the physical interactions and role of cell adhesion, i.e. cell-substrate forces, mediating 

these effects are not entirely clear, though there is increasing evidence of their relevance in transmitting 

signals in the development and maintenance of tissues, regulation of cell cycle, migration, differentiation 

and survival [18]. Three stages characterize the static in vitro cell adhesion process: the initial stage is 

the attachment of the cell body to the material via ligand binding; subsequently, the cell body flattens and 

spreads due to reorganization of cytoskeletal actin; and lastly, the formation of FAs between cell and the 

material due to the further actin organization and recruitment of integrins [19]. The more cells that attach 

and spread on the material’s surface, the greater the number of cell adhesive bonds and, therefore, 

stronger cell adhesion is expected. Similarly, the adhesion force is related to the number and strength of 

chemical bonds on the cell surface according to cell adhesion models [19, 20]. These dynamic processes 
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of cell adhesion are inextricably linked to changes in cytoskeletal tension and activation of signaling 

cascades that regulate cell proliferation and differentiation (i.e. gene expression). Most studies to date 

correlate the material surface properties with cell proliferation and differentiation, which are typically 

ascertained using conventional staining and fluorescent techniques. Furthermore, the extent of the 

associated cell adhesion is still often extrapolated from morphological observations such as cells 

spreading or rounding up, without considering the strength of adhesion [21], or determined using general 

washing assays by counting the number of cells remaining on the substrate. Therefore, the binding 

specificity (e.g. type of integrin) and adhesion forces at the cell-material interface are not fully quantified, 

yet the latest models (e.g. clutch model) show they are critical for transmitting the signals from the 

material through to the cell’s interior [22]. 

Numerous techniques have been developed to analyze cell adhesion events, including those of single 

cells [23]. One of these techniques, Single Cell Force Spectroscopy (SCFS), is based on Atomic Force 

Microscopy (AFM) and represents a versatile approach to quantify single cell adhesion on different 

substrates, between different cell types, and is showing potential application in mechanobiology [24]. The 

general idea of SCFS is to replace the tip of the AFM cantilever by a living cell [25]. SCFS offers a large 

range of detectable forces (e.g. from piconewtons to several nanonewtons), where the measurement of 

cell detachment enables direct quantification of molecular-level interactions and the forces required to 

detach a single cell from the substrate. SCFS is a technique more suitable for shorter times studies, i.e. 

seconds to minutes, as longer contact times and adhesion to the surface may eventually exceed the 

binding of the cell to the AFM cantilever. 

In this study, we aimed to further understand the effect of piezoelectric β-PVDF (poled samples) 

surface charge on the C2C12 myoblast cell adhesion. Morphological observations with 

immunofluorescence staining was used to investigate the cell interactions with two different PVDF 

surfaces, including those that are non-poled (overall zero charge) and “poled” (positive or negative surface 

charge). In addition, the Atomic Force Microscopy-based technique, Single Cell Force Spectroscopy, was 

used to provide further insight into the effect of surface charge on the de-adhesion forces and energy 

required to detach single cells from the PVDF surfaces. 

 
5.2 Experimental Section 

5.2.1 Materials 

PVDF (Solef 5130, MW 1,000-1,200 kg/mol) and DMF were purchased from Solvay and Merck, 

respectively.  
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5.2.2 Preparation of the samples 

The procedure detailed for the preparation of the PVDF films was done as described on Chapter 4 

(section 4.2.2) obtaining the same films with the same properties (d33 coefficient of the poled samples is 

≈ |24| pC.N-1. Non-poled samples present an overall zero net charge, whereas, once poled, β-PVDF 

samples can present an overall negative, “poled –”, or positive, “poled +”, surface charge [16].  

 

5.2.3 Cell Culture 

C2C12 myoblast cells (ATCC) were cultivated with the same composition of the medium and the 

conditions of cell culture as described on Chapter 2 (section 2.2.3.3.2). For the AFM measurements and 

vinculin staining, a suspension of C2C12 with a density of 8x104 cells.mL-1 (CO2-independent media) and 

0.8x104 cells.mL-1, respectively, was used. For vinculin staining, the suspension of C2C12 was prepared 

with and without serum for the immunofluorescence assays. 

 
5.2.4 Immunofluorescence staining 

C2C12 cells, with and without protein presence, seeded on different samples were subjected to 

immunofluorescence staining in order to analyse the presence of FAs  contact after 3 h of culture in basal 

medium. The nucleus, actin and vinculin were stained by DAPI, Tetramethylrhodamine B isothiocyanate 

(TRITC) and anti-vinculin−FITC antibody (Sigma-Aldrich), respectively. At this time, the medium of each 

well was removed and the cells were washed with PBS 1x and fixed in 4% formaldehyde for 10 minutes 

at 37 ºC. After this, the samples were again washed with PBS 1x and then incubated with anti-

vinculin−FITC antibody (1:50 in PBS 1x) in the dark at room temperature for 1 h. The cells were 

subsequently counterstained with TRITC (1:200) and DAPI (1 µg.mL-1) at room temperature in the dark 

for 30 and 5 min, respectively. In the end, the samples were rinsed in PBS 1x and after with distilled 

water, and finally mounted on slides. The samples were visualized using a fluorescence microscope 

(Olympus Bx51) with the appropriate filter sets. The imageJ software was used to measure the length 

and width of the cytoskeleton and also the diameter of the nucleus on all the samples with feret’s diameter 

measurement. Experiments were performed on three samples for each condition, and by analyzing ten 

images for each sample. Data are presented as mean ± SD. The graphs were designed in OriginPro 8.5, 

and Photoshop CS5 was used to assembly the figures for publication. Results were analyzed by Graph 

Pad Prism Version X for windows (Graph Pad Software, San Diego, CA, U.S.A.). To determine the statistical 

significances, one-way ANOVA was used. Differences were considered to be significant when p < 0.05. 
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5.2.5 Single Cell Force Spectroscopy 

5.2.5.1 Cantilever functionalization 

The cantilevers were incubated overnight in 50 µL droplets of biotin-BSA solution in a humidified 

chamber at 37 ºC. After that, the cantilevers were washed by immersing and gently moving them in 20 

mL of PBS (without Ca2+ and Mg2+) filled into a petri dish, performing a total of three washes. The 

cantilevers were incubated for 30 min in 50 µL droplets of the diluted streptavidin solution in a humidified 

chamber at room temperature. Thereafter, the cantilevers were washed again three times in 20 mL PBS 

(without Ca2+/Mg2+), as previously described. To finish the functionalization, the cantilevers were 

incubated in 50 µL droplets of diluted concanavalin A-biotin solution in a humidified chamber for 30 min 

at room temperature. After this time, they were washed three times with PBS and stored in a petri dish 

containing 10 mL PBS (without Ca2+ or Mg2+) at 4 °C for at least one week.  

 
5.2.5.2 Attachment of Single Cell onto AFM Probes 

SCFS was performed using a JPK Biowizard II Atomic Force Microscope (JPK, Germany) mounted 

on a fully automated Nikon inverted optical microscope. The AFM-inverted optical microscope was fully 

enclosed in a cell incubation system for temperature and humidity control. The PVDF film was placed in 

the liquid cell and 600 µl of CO₂-independent medium was injected, with heating applied to enable the 

CO2-independent media (without proteins) to reach thermal equilibration at 37 ºC. The Concanavalin 

functionalized tipless cantilever was then brought into approximately 50 µm above the PVDF surface. A 

further 300 μl of CO₂-independent medium containing the C2C12 cells with a concentration of 

approximately 80 000 cells.ml-1 was then injected into the liquid cell and the cells allowed to settle onto 

the PVDF surface for a period of 5-10 min. Rounded up cells that were yet to adhere were located with 

the optical microscope and the functionalized AFM probe was positioned over a single cell. The cell was 

attached manually to the apex of the cantilever by lowering the stepper motor in 1 µm steps and making 

contact with the cell until an applied force of 0.5 nN had been reached. After attaching the cell, the 

cantilever was retracted 50 µm and the optical microscope was used to confirm that the cell was 

positioned correctly at the end of the cantilever. Afterwards, the single cell was allowed to adhere for 5 

min to ensure the strength of cell attachment to the cantilever was greater than to the PVDF surface 

during the SCFS. According to previous studies, this procedure combined with the use of short cell contact 

times (e.g. seconds) with the substrate ensured that the cell adhesion to the cantilever was greater than 

adhesion to the opposing surface [26].  
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5.2.5.3 Force Measurements 

Force measurements were performed according to modifications of previous methods [27, 28]. After 

attachment of the cell, the live single cell probe was repositioned over a cell-free region of the PVDF 

surface and force-distance (F-D) curves were performed with a loading force of 500 pN, contact-time of 1 

s and retraction speed of 20 µm.sec-1 for all experiments. In this study, a 100 µm z-extended travel stage 

(provided by the JPK Company) was employed to accommodate the longer-range interactions (≈ 10-

80 µm) between the cell and PVDF sample, which could be significantly greater than the standard z-travel 

stage (max 15 µm). At least 10 different cells were measured on each PVDF sample (non-poled and 

"poled –") and up to 20 force-distance, F-D, curves collected for each cell (from 4 different positions on 

the sample), giving a total of 200 F-D curves per sample for the analysis.  

 
5.2.5.4 Force-distance curve analysis 

Analysis of the F-D curves was performed using the JPK Data Processing software (Version spm-

5.1.11), which enabled the quantification of adhesion force, adhesion energy and detachment length. 

Raw curves were converted into F-D curves using the measured detection sensitivity and cantilever spring 

constant [29]. Box-whisker plots were plotted using Origin Pro (2015) b9.2.272 and presented as the 

mean ± s.e.m.. 

 
5.3 Results 

5.3.1 Cell adhesion on different β-PVDF materials  

In order to determine if there are significant differences in the cytoskeletal organization of C2C12 

cells on the different β-PVDF samples, the cells were stained for vinculin (green), a FA protein, as well as 

F-actin (red). The fluorescent images obtained are presented in Figure 5.2. Vinculin is a 117 kDa 

cytoplasmic protein, a component of the membrane that is associated to the adhesion complexes, as 

these linker proteins connect the integrins (bound to the ECM) to the actomyosin cytoskeleton [30]. Also, 

vinculin is a key protein in the regulation of the contractile forces transmission whereby if the vinculin is 

absent or present, the contractile force generation is reduced or enhanced, respectively [31, 32]. As a 

first approach, a comparison of the density of vinculin-expressing FAs, cell dimensions (length and width), 

and cell morphology was made between C2C12 myoblast cells on the different β-PVDF film samples, 

including the non-poled, “poled +” and “poled –”. 
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Figure 5.2. C2C12 myoblast cells cultured on the surface of polystyrene plate and β-PVDF films after 3h. 

Fluorescence images of DAPI stained cell nuclei (blue) in (a), (e), (i) and (m), vinculin expression (green) 

in (b), (f), (j) and (n), F-actin staining (cytoskeleton, red) in (c), (g), (k) and (o), overlay in (d), (h), (l) and 

(p). For comparison cells cultured on polystyrene plate are shown in (a, b, c, d) and those on the different 

β-PVDF samples are non-poled in (e, f, g, h), “poled –” in (i, j, k, l) and “poled +” in (m, n, o, p). The 

scale bar (50 µm) is valid for all the images. 

 
Immunofluorescence was performed to observe myoblast adhesion and cytoskeletal structure on the 

different substrates. After 3 h of cell seeding, it was observed that the number of attached cells was 

similar for all the samples (Figure 5.2). Moreover, it was observed that C2C12 cells cultured on poled β-

PVDF surfaces showed a greater spreading morphology compared with those on the non-poled β-PVDF 

and control. In particular, the cell shape on the different substrates were different, especially compared 

to the control where the cells were distinctly rounded. In addition, staining with vinculin-FITC (green, 

Figure 5.2) showed that vinculin was present throughout the cytoplasm of C2C12 cell in all the samples, 

independently of the sample surface characteristics. In order to quantitatively assess their morphology, 

the values of length and width of the cytoskeleton, and the nucleus diameter were calculated (Table 5.1). 

Table 5.1 shows that there was an approximately two-fold higher length-to-width ratio on the poled β-

PVDF samples, specifically ≈ 2.80, compared to 1.33 for non-poled β-PVDF samples, indicating that the 
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cells on the charged surfaces acquired a more elongated morphology. However, there was no significant 

difference in the cell dimensions, length-to-width ratio, and nucleus size between the differently poled 

PVDF (Table 5.1). Hence, these results demonstrate that changes in the C2C12 cell morphology and 

spreading in response to cell attachment to the PVDF surface was dependent on the existence of surface 

charge but independent of the polarization state (negative or positive surface charge). It is to notice that 

the wettability of the samples can have an important role on the cell adhesion, once the poled samples 

present higher hydrophilicity than the non-poled ones. It is to notice, nevertheless, that in the present 

case, the wettability of the samples is determined by the surface charge, once surface roughness and 

surface chemistry are the same, as those issues are not affected by the poling procedure [16]. In this 

way, the discussion is focused on the surface charge of the samples and its influence on the cell adhesion. 

 
Table 5.1 - Length and width of the myoblast cells and nucleus diameter after 3 h of incubation in the β-

PVDF samples with different surface charges. The values are presented as average ± SD. #p ≤ 0.0001 vs 

Control and *p ≤ 0.0001 vs Non-poled for each parameter. 

Samples Length (µm) Width (µm) Length/width 
Nucleus 

diameter (µm) 

Control 27.91 ± 4.88 22.84 ± 4.77 1.27 ± 0.21 10.73 ± 1.44 

Non-poled 30.81 ± 7.16 # 23.42 ± 5.13 1.33 ± 0.27 10.24 ± 1.34 

“Poled +” 41.02 ± 8.50 # * 15.33 ± 3.75 # * 2.81 ± 0.30 8.29 ± 1.39 # * 

“Poled  -” 40.91 ± 6.47 # * 15.79 ± 2.56 # * 2.80 ± 0.33 8.26 ± 1.73 # * 

 

Figure 5.3 demonstrates the FAs and the morphology of the C2C12 myoblast cells cultured on the 

β-PVDF samples. The higher resolution images of single cells after 3 h confirm that C2C12 myoblast cells 

cultured on poled samples are more elongated than those cultured on non-poled samples (figure 5.3), in 

agreement with the literature [14]. Further, relative to the control sample, it seems that the vinculin 

expression and intensity are higher on all PVDF samples, forming a ring around the nucleus and smaller 

regions around the edge of the cell. There are no significative differences between the samples with and 

without proteins. 
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Figure 5.3. Immunofluorescence to analyze de focal adhesion by anti-vinculin FITC antibody staining of 

the C2C12 myoblast cells cultured 3 h on the control and β-PVDF samples (non-poled, “poled –” and 

“poled +”) with and without proteins. The scale bar of 20 µm is valid for all the images. 

 
5.3.2 Single Cell Force Spectroscopy 

As mentioned, poled β-PVDF was previously shown to promote the elongation of C2C12 myoblasts 

[14], which is in agreement with our observations in Figure 5.2 and 5.3, and the length-to-width ratio 

values in Table 5.1. In the same study, the “poled –” β-PVDF, (negatively charged surface) enhanced the 

C2C12 proliferation (after 3 days) compared to the non-poled and “poled +” β-PVDF samples [14]. Given 

that the cell adhesion is an important process underlying these different cell responses [33], we attempt 

to evaluate the adhesion forces measured by SCFS. To this end, this SCFS initial investigation was used 

to directly probe the ability of the PVDF support the initial C2C12 myoblast cell adhesion without proteins. 

For that, the negatively charged (“poled –”) β-PVDF film versus the non-charged - zero average charge - 

(non-poled) β-PVDF film were selected in order to study the influence of a charged surface relative to a 

non-charged surface (non-poled sample). More specifically, the negatively charged surface was a focus 

as these surfaces enhanced the cell proliferation and differentiation [14]. For the SCFS experiments, a 

single C2C12 cell was attached to a functionalized cantilever (Figure 5.4a). The attached cell was then 

lowered to the β-PVDF substrate (Figure 5.4b) until a pre-set force was reached. After a contact time of 
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1-3 sec to allow the formation of adhesive interactions, the cantilever was retracted until the cell and 

substrate were completely separated (Figure 5.4c). During the approach and retraction of the cantilever, 

the force versus distance (F-D) curves were obtained and analysed.  

 

Figure 5.4. Single cell force spectroscopy. (a) All the elements involved in the test and the AFM cantilever 

is positioned above the cell after the cantilever functionalization. (b) The cantilever-bound cell is lowered 

towards on the polymer support until a pre-set force is reached. (c) After a given preset contact time, the 

cantilever is retracted until cell and substrate are completely separated. Representative Force-Distance 

curves recorded while repeatedly detaching a single C2C12 myoblast cell from β-PVDF samples with 

different surface charges: (d) Non-poled and (e) “Poled –”. 

Figure 5.4d and 5.4e show the F-D curves for non-poled and “poled –” -PVDF obtained by SCFS, 

respectively. The F-D curves show that C2C12 myoblast cells on the negative poled β-PVDF present 
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significantly higher peak forces in the retraction curves (figure 5.4e) compared to those on the non-poled 

β-PVDF (figure 5.4d). Here, the peak maximum represents a measure of the bulk single cell de-adhesion 

[24] although the presence of subsequent peaks indicates the sequential detachment of fewer, remaining 

adhesive bonds. Thus, the F-D curves confirmed that higher de-adhesion forces occurred on the negatively 

charged β-PVDF surfaces, presumably due to stronger electrostatic interactions between the PVDF and 

charged cell surface molecules (non-specific interaction) and also, given that there are no proteins present 

in the medium. The larger magnitude of cell de-adhesion on the negatively charged β-PVDF surfaces was 

also evident by the presence of several larger peaks in Figure 5.4e, in addition to the greater de-adhesion 

energy that is given by the integrated area under the retraction curve. From analysis of the F-D curves, 

the maximum de-adhesion force (maximum peak force), de-adhesion energy (integrated area under the 

F-D curve) and the distance required to completely detach the cell from the surface are shown in Figure 

5.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5 – Surface charge mediated cell-surface interaction on piezoelectric materials 
 

128 

 

a) 

0 4 8 12 16 20 24 28 32 36
0

5

10

15

20

25

30

35

40

45

50

55

60

65

 

 

C
o

u
n

t

Adhesion Force (nN)

 NPol

 Pol -

                 

0

5

10

15

20

25

30

35

40

A
d

h
e
s
io

n
 F

o
rc

e
 (

n
N

)

Pol -                              NPol                             
 

b) 

0 4 8 12 16 20 24 28 32 36 40
0

5

10

15

20

25

30

35

40

 

 

C
o

u
n

t

Distance Dettachment (mm)

 NPol

 Pol -

                
0

5

10

15

20

25

30

35

40

Pol -                              NPol

D
is

ta
n

c
e

 d
e

ta
c

h
m

e
n

t 
(m

m
)

                           
 

c) 

0 20 40 60 80 100 120 140 160 180 200 220 240 260
0

10

20

30

40

50

60

70

0 2 4 6 8 10 12 14 16 18 20 22 24
0

10

20

30

40

50

60

70
 NPol

 Pol -

 

 

C
o

u
n

t

Energy (x10^-15 J)

 

 

C
o

u
n

t

Energy (x10^-15 J)              
0

10

20

30

40

50

200

210

220

230

240

250

260

Pol -                              NPol

E
n

e
rg

y
 (

x
1
0
^

-1
5
 J

)

                             

Figure 5.5. Comparison of histograms for the (a) maximum de-adhesion force, (b) distance detachment 

and (c) adhesion energy.    

 
Whisker plots verified that the de-adhesion force of individual C2C12 cells was higher on “poled –” 

β-PVDF samples (8.92 ± 0.45 nN) than on non-poled substrates (4.06 ± 0.20 nN) (Figure 5.5a). The 

higher de-adhesion force value of “poled –” β-PVDF was associated with an increase in de-adhesion 

energy (30.34 ± 1.52 × 10-15 J) and detachment distance (15.28 ± 0.76 µm) of the C2C12 myoblast cell 
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compared to the non-poled surface (3.38 ± 0.17 × 10-15 J and 5.27 ± 0.26  µm), respectively (Figure 

5.5c and 5.5b). Furthermore, histograms of de-adhesion force (Figure 5.5a) and distance detachment 

(Figure 5.5b) revealed that the “poled –” -PVDF samples consisted to two peak distribution, but this was 

not observed for the de-adhesion energy (Figure 5.5c). The peak values of these distributions were 4 ± 

0.2 nN and 22 ± 1.1 nN for the de-adhesion force, and 12 ± 0.6 and 26 ± 1.3 µm for distance 

detachment. In contrast, the non-poled -PVDF samples showed only a single distribution, with the 

appearance of a half-normal distribution for de-adhesion force (Figure 5.5a) and distance detachment 

(Figure 5.5b). Specifically, the distribution for de-adhesion forces overlapped with the lower peak 

distribution of the “poled –” -PVDF samples (Figure 5.5a) though for the detachment distance the non-

poled -PVDF distribution was lower than both distributions of the “poled –”-PVDF samples (Figure 

5.5b).   

 
5.4 Discussion and Conclusion 

In this study, two different approaches were performed to distinguish the effect of PVDF material 

properties on the cell response, firstly via immunofluorescence staining of cells after 3 h in serum-

containing media to elucidate the surface charge effects on the cell morphology and FA - vinculin. The 

results demonstrated that the poled (surface charged) PVDF enhanced cell spreading morphology and 

greater expression of vinculin compared to the control, suggesting that this cell adhesion promoted by 

the electrical poling of PVDF is importantly related to previous observations of increased myoblast 

differentiation and maturation of myotubes on the same surfaces.  

Having confirmed the effects from our previous studies, the focus of the study was to then probe the 

C2C12 cell adhesive interactions on the non-poled versus poled PVDF. This was done using SCFS and 

on the negatively charged surfaces but in this case under serum-free conditions to investigate purely the 

initial electrostatic interactions. During the initial adhesion process, electrostatic interactions may also 

influence the myoblasts, promoting cell adhesion and subsequent responses such as morphology 

elongation. Thus, as a first step to elucidate the different cell adhesion mechanisms, such as electrostatic 

interaction, hydrophobic interaction, and biological interaction [34], the SCFS was performed in the 

aforementioned serum-free media. 

It has been commonly assumed that positively charged substrates promote cell adhesion through 

electrostatic interaction, e.g. through use of positively charged poly-l-lysine on cell culture substrates, with 

the negative charge of the cell membrane, while negatively charged substrates would be expected to 

suppress cell adhesion. However, previous studies demonstrate that cells adhere to both positively and 
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negatively charged surfaces, even within short periods of incubation [34]. Also, the influence of gold 

nanoparticles positively- and negatively- charged groups on their internalization by HOB cells was 

investigated and it has been shown that different surface charges can be internalized, irrespective of the 

presence or absence of serum proteins in the media [35]. The surface charge density can also improve 

the penetration efficiency [36]. In this study, the SCFS directly verified that single C2C12 cells could 

adhere strongly to negatively charged surfaces without adsorbed proteins within contact times of seconds. 

In contrast, de-adhesion forces comprising significantly fewer interactions occurring over much smaller 

distances, presumably also responsible for the reduced de-adhesion energy, were observed on the non-

poled (non-charged). These findings are in agreement with a previous study of Hoshiba and co-authors, 

where it was demonstrated that the cell adhesion force was higher on charged surfaces, it is independent 

of the proteins presence or absence [34]. 

The box-whisker plots showed clear differences in the cells de-adhesion, however, the histogram 

analysis revealed a more complex response of the cell de-adhesion. For instance, two peak distributions 

(blue peaks) were observed for the negatively poled surface, suggesting that the surface charge 

distribution of the “poled –” β-PVDF is not homogeneous due to the semicrystalline nature of the polymer 

[37], leading to some regions where the cell can form stronger adhesion and less adhesion in other 

regions. In particular, the peak values of ≈ 20-25 nN in the higher distribution, are remarkably high for 

the single cell de-adhesion in comparison to those measured in other SCFS studies where the single cell 

forces are typically < 1 nN [38]. We suggest that the high de-adhesion values may be related to either the 

high charge density of electroactive PVDF [1] and/or possible effects from the approach and contact of 

the cantilever with the PVDF surface that generates a mechanical stimulus, which in turn induces 

electrical polarization of the PVDF. 

In conclusion, the molecular interactions between C2C12 myoblast cell and piezoelectric polymer 

films, β-PVDF, with different surface charges, positive, negative or neutral, were analysed with the AFM-

based SCFS technique and immunofluorescence tests. It was demonstrated that surface charge promotes 

cell elongation and negative polarization improves cell-material adhesion. The de-adhesion energy 

required to detach the cell is higher on negative charged surfaces, which is concomitant with higher de-

adhesion force exerted on the cantilever. This study is the first in vitro study to directly quantify the 

adhesive forces of cells on PVDF, including the effect of negative polarization state and surface charge of 

piezoelectric β-PVDF films on C2C12 cells. β-PVDF with polarization offers potential for skeletal muscle 

TE applications, allowing one to tune cell-surface interactions via electrical poling and also dynamically 

from the piezoelectric effect. 
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A key issue is that the SCFS reveals a distinct difference in cell interaction (forces, energy) for poled 

versus non-poled samples which in turn affects the cell behaviour with respect to the cell adhesion. This 

fact is evidenced by the results obtained from the morphological and fluorescence observations (figure 

5.2), where cells cultured on charged surfaces present an more elongated morphology, in agreement 

with previous studies showing that charged surfaces promote an earlier formation of myocytes, which are 

necessary for differentiation of myoblasts into myotubes, and consequently skeletal muscle tissue [12]. 

Through physical attachment to actin filaments within the cellular network, FAs allow cells to pull or push 

themselves along a matrix during migration. The substrate properties such as stiffness, topography and 

surface energy/charge are important parameters determining the resistance of the substrate to 

deformation by cell traction forces, which enable cells to travel with persistent direction [39]. Molecular 

pathways underlying cell proliferation are also regulated via contractile forces imparted by the actin 

network and sensed by focal FAs.  

Regarding cell morphological observations and forces measured by SCFS, it is proposed that cell 

spreading and elongation correlates with larger adhesion to the charged surface. The increased tensile 

forces (i.e. the forces the cell feels when it “pulls” on the surface otherwise known as traction forces) 

activate actin expression/reorganization, enabling cells to increase its area on the substrate. From the 

SCFS, the charged groups of “poled –” -PVDF surface act as “ligands” based on electrostatic forces 

with charged cell membrane molecules, resulting in stronger adhesion forces. Thus, this will enable the 

cells to spread and elongate.  
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 Magnetically activated electroactive 

microenvironments for skeletal muscle tissue regeneration 
  

CFO/P(VDF-TrFE) magnetoelectric films were processed and their influence on cell behaviour evaluated. It is shown 

that these materials have large interest due to their active behaviour (piezoelectric, magnetic and magnetoelectric 

response). In this chapter, the magnetoelectric composites without and with polarization (positive and negative) were 

used to investigate their effect on C2C12 myoblast adhesion, proliferation and differentiation. Also, the mechanical 

and/or electrical stimulation on cell proliferation and differentiation are investigated through the use of an activated 

electroactive microenvironment produced by two different bioreactors (magnetic and mechanical).  
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6.1 Introduction 

More than 600 individual skeletal muscles can be found in the human body that enabling to perform 

a variety of functions, such as executing locomotive tasks, breathing, or moving the eyes, among others 

[1]. This tissue is the most abundant in human body being one of the components of the musculoskeletal 

system. Further, it is attached to bones by tendons and produce all the movements of body parts in 

relation to each other [2].  

Skeletal muscle is a highly specialized tissue that consists of striated and elongated multinuclear 

muscle fibres (known as myofibres) encapsulated within connective tissue sheaths [3]. It has the property 

of plasticity, which mean that when the skeletal muscle is under the influence of physiological changes 

such as mechanical stress and unloading, the composition of fiber types of skeletal muscle can change 

[2]. The loss of functional muscle from genetic disease, such as Duchenne muscular dystrophy, traumatic 

injury or surgical excisions results in a physiologic deficiency that continues to remain without an effective 

clinical treatment [4].  

The replacement and/or regeneration of lost/damaged tissues or organs represent one of the main 

challenges of the last decades, so in order to address these issues, TE has emerged as a possible solution. 

In this way, TE represent an alternative and helpful approach for organs/tissues reconstruction/replacing 

when the conventional pharmaceutical treatments are no more applicable [5]. One of the most important 

components of the TE multidisciplinary field is the scaffold design that should mimic the naturally exiting 

extracellular matrix through a complete biomimicking approach, including structural, biochemical and 

biophysical cues, in order to provide a proper cell growth. In fact, it has been demonstrated that chemical, 

biological and/or physical signals affect the cell response, enhancing cell target functions such as 

adhesion, proliferation, migration and differentiation [6]. Among the physical stimuli, it has been shown 

that mechanical and electrical effects affect biological entities. The cellular responses to mechanical 

stimuli are mediated by mechanotransduction pathways that can promote tissue development and/or 

function. Similar to the mechanical stimulation, electrical stimulation influences the survival, proliferation 

rate, hypertrophy and other properties of muscle cells. In vitro, the use of electrical stimulation has been 

aimed mainly at mimicking the motoneurons action found in their native physiological environment [7].  

In the area of muscle TE physical stimuli have been poorly investigated. However, as this tissue 

reacts to electro-mechanical stimuli during its normal function [7-8], scaffolds that can provide 

electroactive physical stimuli seems to be a necessary approach. Thus, the application of mechanical and 

electrical stimulation in vitro has shown promise for growing contractile skeletal muscle tissue [9].  
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In this context, the so-called smart materials and, in particular, smart polymer materials are very 

interesting for efficient muscle tissue repair strategies. In order to provide those physical stimuli (electrical 

and mechanical) present in the microenvironment of skeletal muscle tissue, electroactive materials, such 

as piezoelectric polymers, are being increasingly used in the biomedical context [10-12]. These materials 

develop voltage when a mechanical stress is applied, or vice-versa, promoting adhesion, proliferation and 

differentiation of myoblast cells. Although muscle itself is not piezoelectric, it is sensitive to dynamic 

mechanical and electrical solicitations [11, 13], being this dynamic biomimetic approach particularly 

relevant as muscle is physiologically subjected to mechano-electrical solicitations related to walking, 

jumping and running [14-15]. The most representative piezoelectric polymers in this area are PVDF, and 

its copolymer due to their biocompatibility, bio stability and high piezoelectric coefficients [12, 16]. 

Most of the research in the area of muscle TE has been conducted in order to develop scaffolds, 

mainly varying their morphology in the form of films and fibres as well as by the addition of conductive 

materials [17]. However, so far, the effect of mechano-electrical stimuli on the myotube differentiation 

thought polymeric biomaterials that can provide both stimuli simultaneously have not been investigated. 

As a complement to piezoelectric biomaterials, which will now work under static conditions, for example 

when the patient is immobilized (for example due to serious health problems), ME biomaterials allow to 

produce magnetically activated mechanical and electrical stimuli. These materials consist on the 

combination of magnetostrictive particles and piezoelectric materials, the ME effect resulting from the 

mechanical deformation induced by a magnetic field due to the magnetostriction of one of the 

components, leading to an electrical polarization variation due to the piezoelectric effect of the other 

phase. Thus, the use of an external magnetic field allows to remotely control tissue stimulation [18] by 

inducing both mechanical and/or electrical signals to the surrounding tissues [19]; providing an 

innovative tool for skeletal muscle that has not been evaluated so far. 

In this context, this work reports on the development of magneto-active films based on a piezoelectric 

polymer - P(VDF-TrFE) – and magnetostrictive nanoparticles - cobalt ferrite nanoparticles (CoFe2O4). These 

composites materials have been evaluated as biomaterials for muscle TE by studying the influence of the 

mechano-electrical stimuli on myotube differentiation both under static and dynamic conditions. 

 
6.2 Materials and methods 

6.2.1 Materials 

P(VDF-TrFE) was acquired from Solvay, DMF, pure grade from Merck and CFO nanoparticles with 

35-55 nm were purchased by Nanoamor. 
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6.2.2 Preparation of the magnetoelectric nanocomposites 

The films were prepared based on the method presented in [20-21] for similar polymer-based 

composite compositions. 

In order to obtain a good dispersion of the magnetostrictive nanoparticles within the polymer matrix, 

first, the desired content of CFO nanoparticles (20 wt.%) was added to the DMF and placed in an 

ultrasound bath (ATU ATM3LCD) during 30 min. Then, citric acid (0.02 g.mL-1) was added to the mixture, 

which was in the ultrasound bath for another 3 h. After this time, P(VDF-TrFE) at a concentration of 20/80 

polymer/solvent (w/w) was added to the mixture that was kept under mechanical stirring for 2 h. When 

the polymer reached complete dissolution, the samples were obtained by solvent casting method, by 

spreading the solution on clean glass substrate and placing them inside an oven for 10 min at 210 ºC. 

The films are obtained with ≈ 40 µm of thickness.  

Electrical poling of CFO/P(VDF-TrFE) was achieved as described on chapter 4 (section 4.2.2). The 

piezoelectric response (d33 ≈ |8-10| pC.N-1) of the poled films was obtained with range d33-meter (model 

8000, APC Int Ltd). After the polarization, average positive charge is obtained in one side of the sample 

and negative charges on the opposite side. The films used for cell culture are represented in table 6.1. 

 
Table 6.1. Nanocomposites used for cell culture. 

Samples Polarization 
|d33|  

(pC.N-1) 

Stimuli given to the 

cells 
Denomination 

CFO/P(VDF-TrFE) 

None ----- Mechanical non-poled 

Positive 9  Mechano-electrical “poled +” 

Negative 10 Mechano-electrical “poled –” 

 

6.2.3 Characterization of nanocomposites 

The morphology of the CFO/P(VDF-TrFE) nanocomposites surface was evaluated by SEM as 

described on Chapter 2 (section 2.2.3.2)  

Tapping mode Atomic Force Microscopy (AFM) images were acquired using an AFM equipment 

(Nano-Observer CSI). The AFM images were processed using Gwyddion software. The average roughness 

(Ra) was calculated for each image after three measurements performed in different places of each 

samples. 

Magnetic hysteresis loops were measured at room temperature using a vibrating sample 

magnetometer (VSM) (Microsense 2.2) from -18500 Oe to 18500 Oe. 
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WCA measurements of the different CFO/P(VDF-TrFE) samples were measured and presented as 

described on Chapter 2 (section 2.2.3.2). 

 
6.2.3.1 Characterization of the magnetic and electromechanical stimulus 

As the ME stimulation of the cells on the prepared films is carried out in a bioreactor that applies a 

varying magnetic field [19], the magnetic characterization of the surface was performed, at the same 

height of cell culture, in relation to the permanent magnet table, allowing the comparison with the results 

obtained through the biological analysis with the magnetic stimuli actually produced. 

This characterization was performed using a GM08 gaussmeter, with a PT8029 reference Transverse 

probe, which allows measuring AC and DC fields with maximum amplitude of 3 000 T, using an RS232 

connection to record the acquired data. 

In order to ensure the correct measurement of the magnetic field, concentric measurements were 

performed in the centre of the culture wells by displacing the measuring tip along the two axes, which is 

coupled to a graduated X-Y table. 

To better understand the field format, based on the characteristics of the bioreactor magnets and 

the values recorded in the measurement, a finite element modelling was performed using the ANSYS 

Maxwell software, obtaining a three-dimensional analysis of the generated magnetic fields. After the 

magnetic component was analysed, the magnetically induce deformation of the samples by the magneto-

mechanical transduction was also characterized by attaching a strain gauge (L2A-06-062LW-120) to the 

sample using a LOCTITE Hysol® 3425 two-component araldite glue. The sensor variation measurement 

is based on a setup developed for this purpose, given the need to obtain a relatively high sampling rate, 

taking into account the bioreactor operating frequency (200 samples per second), and high resolution, 

due to the low deformation of the sample. 

Resistance variation of the strain gauge was obtained by measuring the voltage at the sensor 

terminals using a 24 bit sigma delta ADC with reference LTC2440 controlled by Evaluation Board DC590B, 

connected via USB to the computer. DC590. In order to measure the resistance variation through voltage 

variation, a precision constant current was applied using Keithley 2400 Source/Meter, where a 1 mA 

reference current was applied.  

Finally, the characterization of the electrical response of the biomaterial –magnetoelectric 

stimulation- when positioned on the wells of culture plate was performed using an external setup to the 

bioreactors-biomaterial system. The wide range d33-meter was used to obtain the d33 of the samples, and 

the magnetoeletric effect was characterized by measuring the transverse ME voltage coefficient (α33) 
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and longitudinal ME coefficient (α31) using the dynamic lock-in amplifier method. The samples were 

placed in the center of a ME characterization system composed by two sets of concentric Helmholtz coils. 

A pair of coils was used to generate an AC field with amplitude of 1 Oe, at the resonant frequency of the 

sample, simulating the AC response applied by the bioreactors. The second set of Helmholtz's coils allows 

varying the DC magnetic field applied to the sample from 0 to 0.5 T, controlled by a current power source. 

The voltage generated in the direction of sample thickness was measured using a digital Lock-in amplifier 

(Stanford Research SR530). ME stress coefficients were calculated from the measured strain using 

equation 6.1.  

𝛼33 =
∆𝑉

𝐻𝐴𝐶  ∗  𝑡
                                                         (6.1) 

 
where ∆V is the measured output voltage, HAC is the amplitude of the AC magnetic field, and t is the 

thickness of the piezoelectric layer. 

The characterization of the electrical response in the mechanical bioreactor was performed by 

measuring the piezoelectric response of the sample under mechanical stimulation. Conductive electrodes 

were printed on the surface of the sample by screen printing, the sample was connected to a 16 bits high 

resolution oscilloscope (PicoScope 4262) and the electrical as a function of frequency recorded. 

 
6.2.4 Cell culture assays 

6.2.4.1 Samples sterilization 

For the in vitro assays, circular CFO/P(VDF-TrFE) films (non-poled, “poled +” and “poled –”) were 

cut with 13 mm of diameter. These samples were sterilized as described on Chapter 2 (section 2.2.3.3.1). 

Then, the samples were placed in a 24-well cell culture plates. 

 

6.2.4.2 Cell culture 

C2C12 cells were grown in 75 cm2 cell-culture flask and cultured in BM. The composition of the 

medium and the conditions of cell culture are the same as described on Chapter 2 (section 2.2.3.3.2). 

 

6.2.4.3 Adhesion assays 

For cell adhesion tests, C2C12 cells were seeded at a cell density of 4 000 cells.cm-2 with a drop of 

100 µL in 24-well plates and allowed to adhere in CFO/P(VDF-TrFE) nanocomposites for 45 min at 37 ºC, 
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and then 400 µL of DMEM was added to each well (drop method). After 24 h of culture in BM, C2C12 

cells were subjected to immunofluorescence staining in order to analyze the presence of FAs as described 

on Chapter 5 (section 5.2.4). 

 
6.2.4.4 Proliferation and differentiation cell culture assays 

C2C12 cells were seeded on the different CFO/P(VDF-TrFE) nanocomposite films at a density of 7 

500 and 40 000 cells.cm-2 for proliferation and differentiation tests, respectively (figure 6.1). Similarly, to 

the cell adhesion assays, the drop method was used for the proliferation and differentiation assays.  

For cell proliferation studies, two plates at these conditions were incubated with BM at 37 ºC in a 

saturated humidity atmosphere containing 95% air and 5% CO2 for 24 h to allow cell adhesion. After this 

time, one plate was maintained at the same conditions (static culture – cell culture without any applied 

stimuli) and the other was transferred onto a home-made bioreactor [19] system (dynamic culture – cell 

culture under magnetic stimulation for magneto-mechanical and magneto-electric response) up to 3 days. 

For the differentiation experiments, the samples were placed in 24-well plates (three plates) and 

incubated in BM, as previously described, until reached 90% confluence. Thereafter, in order to induce 

myotube formation, the BM of half of the samples was changed to differentiation medium (DM). The DM 

was composed of DMEM supplemented with 2% FBS and 1% P/S. As for the proliferation assay, one plate 

was maintained at the same conditions (static culture), other was transferred onto the magnetic bioreactor 

(dynamic culture) and the last one to a mechanical bioreactor (dynamic culture) up to 8 days. In all 

conditions, the medium was renovated daily.  

For the dynamic culture (figure 6.1), the samples placed on the magnetic bioreactor were subjected 

to the following cycle, as presented in [19]: an active time of 16 h under magnetic stimulus (divided into 

5 min of active time and 25 min of repose time) followed by a non-active time of 8 h (no magnetic 

stimulation). The dynamic culture was performed under magnetic stimulation at a frequency of 0.3 Hz 

and the 20 mm displacement of permanent magnets below the culture wells.  

In parallel, for differentiation tests, another home-made bioreactor system was used with mechanical 

stimulation (see [22-23]) by placing the culture plate on a vertical vibration module at a frequency of 1 

Hz with amplitude of approximately 1 mm. The following cycle has an active time of 16 h under 

mechanical stimulus followed by a non-active time of 8 h (no mechanical stimulation), in order to mimic 

the human body mechanical stimulation along a day, such as in the magnetic bioreactor (figure 6.1). In 

each study, 3 replicates were used for each condition. 
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Figure 6.1. Schematic representation of the cell culture assays using static and dynamic (magnetic and 

mechanical stimulation) conditions and parameters applied by each bioreactor. 

 
6.2.4.4.1 Cell viability 

For the proliferation assays, the evaluation of the cell viability of C2C12 myoblast on the different 

CFO/P(VDF-TrFE) films under static and dynamic conditions was analyzed by MTS assay as described on 

chapter 2 (section 2.2.3.3.4). The cell proliferation values were determined regarding the cells adhered 

on the material after 24 h adhesion, just before placing them in contact with the bioreactor (equation 

6.2). Experimental data were obtained from four replicates of each sample of three independent 

experiments and expressed as mean ± SD. 

𝐶𝑒𝑙𝑙 𝑝𝑟𝑜𝑙𝑖𝑓𝑒𝑟𝑎𝑡𝑖𝑜𝑛 (%) =  
 𝐴𝑏𝑠490𝑛𝑚 𝑠𝑎𝑚𝑝𝑙𝑒 

𝐴𝑏𝑠490𝑛𝑚 𝑠𝑎𝑚𝑝𝑙𝑒 𝑎𝑓𝑡𝑒𝑟 24ℎ 𝑎𝑑ℎ𝑒𝑠𝑖𝑜𝑛 
 𝑥 100                       (6.2) 

6.2.4.4.2 Immunofluorescence staining 

For proliferation and differentiation studies, immunofluorescence tests were also performed to 

analyze the cytoskeleton morphology, while also verifying cell viability and the presence of MHC, 

respectively. 

For proliferation tests under static and dynamic (magnetic stimulation) conditions, after 3 days, the 

same point used for MTS evaluation, some samples were subjected to immunofluorescence staining as 

described on Chapter 2 (section 2.2.3.3.5).  
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For differentiation tests under static and dynamic (magnetic and mechanical stimulation) conditions, 

after 5 and 8 days of differentiation, the samples are submitted to immunofluorescence staining as 

described on Chapter 4 (section 4.2.5).  

 
6.2.4.4.3  Calculation of fusion and maturation index per area 

The fusion and maturation index, length, diameter and myotube number was calculated as presented 

on chapter 4 (section 4.2.6).  Experiments were carried out on three samples for each condition and by 

analyzing ten images for each sample, for each of the two independent experiments. Data are presented 

as mean ± s.e.m. from triplicates samples of two independent experiments. 

 
6.2.4.4.4  Quantification of creatine kinase activity 

For cell differentiation assessment, creatine kinase activity (CK) was also quantified. For that, the 

cells present in samples were rinsed with PBS 1x and collected with a cell scraper. After that, the cells 

were homogenized in an appropriate volume of cold 50 mM potassium phosphate (pH 7.5) buffer and 

centrifuged at 10 000 × g for 15 min at 2-8 ºC. After the centrifugation, the supernatant was removed 

and used for the assay. Creatine kinase activity of the samples was determined using a commercial kit 

(Sigma-Aldrich). The kit is based on enzyme coupled reactions in which creatine phosphate and ADP is 

converted to creatine and ATP by creatine kinase. The generated ATP is used to phosphorylate glucose 

by hexokinase to generate glucose-6-phosphate, which is then oxidized by NADP in the presence of 

glucose-6-phosphate dehydrogenase. The produced NADPH, measured at 340 nm, is proportionate to 

the CK activity in the sample. Data are presented as mean ± s.e.m. from triplicates of two independent 

experiments.  

 
6.2.4.5 Statistical Analysis 

All quantitative data were analyzed using GraphPad Prism (v6.00, La Jolla, CA, USA). The results 

were analyzed statistically using the two-way ANOVA followed by Tukey’s test. Differences were considered 

to be statistically significant when p-value < 0.05. 

 
6.3 Results and Discussion 

6.3.1 Characterization of CFO/P(VDF-TrFE) nanocomposites 

When cells adhere to the surface of a scaffold, a sequence of physico-chemical reactions will occur,  
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influencing cell fate. The cell attachment is a complex process, affected by numerous aspects, such as 

material surface properties. Thus, relevant properties of the CFO/P(VDF-TrFE) films surface were 

investigated.  

The CFO/P(VDF-TrFE) composites films with the same amount of CFO nanoparticles (20 wt.%) and 

different polarization state were analyzed by SEM (figure 6.2a, 6.2b and 6.2c). It is observed random 

fibril-like microstructure (see inset of figure 6.2a) as a result the characteristic growth of the co-polymer, 

which crystallization kinetics is hindered by the presence of the CFO nanoparticles, acting as nucleation 

agents for crystallization [24]. It is also observed that the distribution of the magnetostrictive nanoparticles 

within the P(VDF-TrFE) polymer matrix is uniform without large agglomerations and that the films are non-

porous. Those characteristics are independent of the poling state. 

 

Figure 6.2. Surface morphology obtained by scanning electron microscopy of the CFO/P(VDF-TrFE) 

nanocomposite films: (a) non-poled, (b) “poled +” and (c) “poled –”. The scale bar is 50 µm for all the 

images and 2 µm for the inset images. The corresponding AFM (20 × 20 µm) results are presented in 

figures, (d), (e), (f), for CFO/P(VDF-TrFE) non-poled, “poled +” and “poled –” materials, respectively. (g) 

Room temperature hysteresis loops for CFO/P(VDF-TrFE) films. (h) Water contact angle measurement for 

CFO/P(VDF-TrFE) films with and without polarization (mean ± SD). 
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The AFM images of the CFO/P(VDF-TrFE) samples with different polarization are displayed in figure 

6.2, maintaining the same scale and scan size for comparison. The inclusion of CFO nanoparticles in the 

P(VDF-TrFE) matrix lead to an average roughness of ≈ 83 ± 19 nm for the CFO/P(VDF-TrFE) non-poled 

films. When these samples are subjected to the polarization procedure, a slight decrease in the roughness 

occurs, with no significant differences between both polarizations states: ≈ 78 ± 21 nm for the negative 

and ≈ 75  ± 20 nm for the positive one. This decrease can be associated with the fact that the polarization 

induces more ordered structures [25] and with the homogenization effect of the plasma in the polymer 

surface [26]. 

The quantification of the magnetic nanoparticle content within the composites was assessed by VSM 

technique. The hysteresis curves (figure 6.2g) reveal a typical ferromagnetic behaviour for the 

nanocomposites with CFO nanoparticles [27], characterized by magnetization curves in which the 

magnetization increases with increasing magnetic field until saturation, reaching a maximum saturation 

of 8.9 emu.g-1 at approximately 20 000 Oe.  

Once the surface wettability (hydrophobocity/hydrophilicity) is an important parameter that affects 

cell-biomaterial interaction and, therefore, cell behaviour, the wettability of the different samples was 

assessed through sessile drop technique (figure 6.2h). All samples show contact angles below 90º, 

presenting a hydrophilic behaviour, which is agreement concordance with the literature [28]. The 

introduction of CFO nanoparticles (≈ 87 ± 8º for non-poled CFO/P(VDF-TrFE) films slightly increases the 

contact angle comparatively to the P(VDF-TrFE) film without CFO (≈ 78 ± 5º) [26], further, the polarization 

process strongly affects the wettability of the samples, leading to a decrease in the contact angle values: 

with positive polarization, the value decreases to ≈ 65 ± 2º, whereas with negative polarization, the value 

decreases to ≈ 59 ± 4º. These results are in agreement with previous studies were it was demonstrated 

that corona treatment produce an increase in the surface wettability [29], based on the alignment of the 

dipolar moments and, therefore, the net surface charge (positive or negative) in the poled samples [30].  

There are numerous approaches in an attempt to promote cell proliferation and cell differentiation, 

approaches that recently include the incorporation of responsive materials used as scaffolds with 

electrical, magnetic and/or electromechanical properties, associated with the use of new generations of 

bioreactors [16], which allow control and stimulation of these new materials. In this way, it is important 

to characterize the stimuli that actually reach to the material where the cells are in contact. In this work, 

the materials used are subjected to a variable magnetic field, produced by a home-made magnetic 

bioreactor [19], where the emergence of a magneto-mechanical oscillation in the magnetostrictive 
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nanoparticles will produce the electrical response in the piezoelectric polymer, leading to a magnetically 

activated electroactive microenvironment.  

In this way, an experimental setup was developed to measure the quantities effectively applied to 

the material surface and transmitted to the cells. Given the characteristics of the material used, the first 

major transduction that occurs corresponds to a magnetic stimulus that translates into an applied 

mechanical stimulus to the cells. Therefore, in a first phase, the magnetic field dispersion to which the 

ME film is subjected was measured. It was found that the films are subjected to a magnetic field that 

varies between 0.22 T and -0.22 T, according to the position of the magnets relative to the material. 

Thus, a finite element simulation of the field-to-surface dispersion was performed, based on the magnetic 

bioreactor characteristics, and the fields measured by a gaussmeter (figure 6.3). 

 

Figure 6.3. (a) Result of the simulation process, along the material surface; (b) cross-section image of the 

field created along the distance between the permanent magnet and the material surface; (c) detail of the 

strain gauge sensor for the measurement of the materials deformation; (d) result of the strain 

measurement, obtained from the measurement of the sensor resistance variation. 

 
Figure 6.3 shows the magnetic field variations, being the magnetic field approximately zero in the 

central regions between the magnets. Further, there are slightly larger fields in the peripheries of the 

culture plated when compared to the central region. 

After the analysis of the field applied to the ME films, the mechanical strain was measured with a 

strain gauge sensor (L2A-06-062LW-120, Micro-Measurements) coupled to the film (figure 6.3c). Once 

the bioreactor is placed into operation, the resistance variation of the strain gauge was obtained, as shown 
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in figure 6.3b. It is important to note that the sensor was placed at the centre of the well, concentric with 

the bioreactor excitation magnet, where a displacement cycle was applied allowing the movement of the 

table until the sensor was concentric with the neighbor magnet, corresponding to a total displacement of 

20 mm at a frequency of 0.3 Hz leading to an approximately sinusoidal magnetic excitation with amplitude 

of approximately 0.22 T in each point. Once the voltage variation at the sensor terminals was collected, 

the corresponding conversion was carried out to resistance variation, taking into account the reference 

current through the application of Ohm's law. In order to obtain the mechanical variation of the film, the 

conversion of the resistance to the deformation variation is performed taking into consideration the gauge 

factor of the sensor, 2.155, and its length along the measurement axis, 1.52 mm. Thus, the dimensional 

variation of the sample over the various magnetic excitation cycles is obtained as represented in figure 

6.3d, which shows the uniformity of the response over the various magnetic cycles. In this way, it can be 

concluded that the ME films present a variation of approximately 0.02 µm, which corresponds to a 

variation of 0.013 µm.mm-2, since the deformation along the transversal and longitudinal axis is the 

same, for the already mentioned variation of magnetic field. 

 
Finally, ME characterization (figure 6.4) shows that the samples present a maximum electrical 

response for an applied DC field of 1500 Oe.  
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Figure 6.4. Magnetoelectric response of CFO/P(VDF-TrFE) for a DC field from 0 to 5000 Oe at a constant 

HAC of 1 Oe. 

However, the DC component of the magnetic field produced by the home-made magnetic bioreactor 

is around 2200 Oe (0.22T), being at the biomaterial level around 1300 Oe, which correspond to a 

magnetoelectric response of the material of 16.15 µV. 
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Relatively to the electrical response obtained when the sample is placed on the mechanical 

bioreactor, a response of 64 µV was measured at a mechanical vibration frequency of 1 Hz. 

 
6.3.2  Cell Culture Results 

The surface properties of the biomaterials, namely the wettability, roughness and surface charge 

have demonstrated to be the three most important factors affecting cell adhesion [31]. Regarding the 

wettability, it is expect that a decrease of WCA lead to an increase of cell adhesion [32]. Relatively to the 

roughness, it has been demonstrated that the sub‐microenvironment variations associated to the 

microscale roughness lead to different response depending on cell type [33]. Additionally, it has been 

demonstrated that the surface charge can influence the cell behaviour, where the negative or positive 

charges can enhance different types of cells, being an essential factor determining the regulation of cell 

response [34]. Moreover, it has been proven that charged surfaces and piezoelectric materials enhance 

skeletal muscle tissue regeneration [10-11]. However, the influence of the mechano- and/or mechano-

electrical stimuli on muscle proliferation and differentiation has not been studied yet. So, three different 

samples were used to prove the suitability of the ME materials as a new magnetically activated 

electroactive microenvironment approach for skeletal muscle tissue regeneration [19]. In the present 

case, the non-poled samples present higher WCA than the poled ones, with no significant differences 

between the samples with different surface charge, as verified above. In this way, for the CFO/P(VDF-

TrFE) poled samples, the major differences between them is just the surface charge being positive or 

negative. Taking this into account, the effects of the ME films with different surface charges on myoblast 

cell adhesion, proliferation and differentiation were first investigated. 

 
6.3.2.1 C2C12 cell adhesion and proliferation on CFO/P(VDF-TrFE) composites  

The influence of the surface charge of the CFO/P(VDF-TrFE) films on the adhesion of C2C12 

myoblast were first studied after 24 h of cell culture under static conditions. Figure 6.5 shows the 

fluorescent images in which the cells were stained for nucleus (blue), F-actin (red) and vinculin (green).  
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Figure 6.5. C2C12 myoblast cells cultured on the surface of CFO/P(VDF-TrFE) nanocomposite films 

(non-poled, “poled +” and “poled –”) after 24 h of cell adhesion. Fluorescence images of DAPI stained 

cell nuclei (blue) in (a), (e), and (i); F-actin expression (red) in (b), (f) and (j); vinculin staining (green) in 

(c), (g) and (k); and overlay in (d), (h) and (l). The scale bar (50 µm) is valid for all the fluorescent images. 

 
The investigation of the cell-matrix contacts in the cells cultured on CFO/P(VDF-TrFE) nanocomposite 

films with different charges is a relevant issue to understand the influence of substrate polarization on FA 

characteristics. It has been reported that cell adhesion to a substrate is a key factor determining the 

function of adhesion receptors in the recruitment of proteins that link the adhesion receptor to the actin 

cytoskeleton [35]. In this sense, figure 6.5 shows the presence of vinculin, a cytoplasmic actin-binding 

protein, throughout all the cytoplasm of C2C12 cell in all the samples, independently of the sample 

surface charge and properties. Relatively to the intensity, it appears to be higher on poled samples than 

on the non-poled one, and between the different surface charges, it seems to be slightly higher on the 

positive ones. Analyzing the morphology of C2C12 cells, it is observed that C2C12 cells cultured on poled 

(negative and positive) CFO/P(VDF-TrFE) surfaces demonstrate a greater spreading morphology with 

those on the non-poled CFO/P(VDF-TrFE). The same behaviour was observed in the C2C12 myoblast 

cells cultured on piezoelectric β-PVDF film [36]. 

As previously indicated, muscle tissue reacts to an electro-mechanical environment and for that, 

piezoelectric polymers can deliver a mechanical (with non-poled samples) or mechano-electrical signal to 

the cells (with poled samples) in order to mimic signals and effects present in living tissue. It has been in 
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fact proven that surface charge of β-PVDF poled samples have impact on C2C12 myoblast adhesion, 

proliferation [10] and differentiation [11]. However, the effect of mechanical and or electrical stimuli on 

the cell behaviour through the use of electroactive biomaterials has not been studied yet. In order to 

address those issues, ME samples, that consist on the combination of magnetostrictive (CFO) and 

piezoelectric (P(VDF-TrFE)) materials are proposed. These materials allow to investigate the three kind of 

effects on the proliferation and differentiation of C2C12 myoblast cells: 1) at static conditions, the potential 

of these films and the influence of the surface charge; 2) at dynamic conditions, with the non-poled 

samples, the mechanical stimulation and 3) at dynamic conditions, with the poled samples, the mechano-

electrical stimulation (figure 6.6).  

 

Figure 6.6. Representative images of the stimuli provided to the cells by the different samples under 

different conditions.  

 
The morphology and proliferation of C2C12 myoblasts on the different samples (non-poled, 

“poled +” and “poled –”) were analyzed up to 3 days of cell culture under static and dynamic conditions 

with immunocytochemistry and MTS assay, respectively (figure 6.7).  
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Figure 6.7. (a) Representative immunofluorescence images (nucleus stained with DAPI - blue and 

cytoskeleton stained with FITC - green). Scale bar (100 µm) is valid for all images. (b) Cell proliferation of 

C2C12 myoblast culture up to 72 h on CFO/P(VDF-TrFE samples (non-poled, “poled +” and “poled –”) 

under static and dynamic conditions. The cell proliferation values were determined regarding the cells 

adhered on the material after 24 h adhesion, just before placed in contact with the bioreactor. The results 

are expressed as the mean ± SD of three independent assays. *p ≤ 0.05, **p ≤ 0.01, ****p ≤ 0.0001 and 

#p ≤ 0.0001 vs non-poled after 72 h at dynamic conditions. 

 
Figure 6.7a shows that cell proliferation increases in all samples under static and dynamic conditions 

from 24 h to 72 h, which is in agreement with the obtained values for cell proliferation (Figure 6.7b). 

Under static conditions, and after 24 h of cell culture, the cell proliferation on all CFO/P(VDF-TrFE) 

materials are similar, with a little difference between the non-poled samples and poled ones. After 72 h, 

as expected, all samples demonstrated an increase of cell proliferation, with the lower value for the non-
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poled samples ( 405%) and the higher for the “poled –” CFO/P(VDF-TrFE) films ( 685%). This behaviour 

is in agreement with a previous study where was stated that negative surface charges promote higher 

proliferation rates of C2C12 myoblast cells [10]. 

Under dynamic conditions (figure 6.1), the influence of the mechanical and/or electrical stimulation 

on cell proliferation was studied, showing that both stimulations improve cell proliferation, being 

significantly higher (figure 6.7b) with the mechano-electrical stimuli (with poled samples,  780%), being 

no significant differences between both polarizations, confirming the myoblast sensitivity to the mechano-

electric stimuli. 

 
6.3.2.2 C2C12 cell differentiation on the CFO/P(VDF-TrFE) samples  

During differentiation of C2C12 cells, myoblasts undergo remodeling to form mature myotubes with 

increased expression of muscle specific genes [37]. Final differentiation into contractile units is 

concomitant with the expression of sarcomeric proteins such as skeletal muscle MHC. The expression of 

MHC isoforms is often a measure of in vitro myotube differentiation and efficiency [38]. In this study, 

C2C12 myoblasts were grown on the materials in the presence of two different culture media: basal 

medium, in order to evaluate just the physical stimuli, and differentiation medium, used to assess the 

effect of the biochemical stimulus. Further, two different conditions of culture were used: static and 

dynamic. These parameters were selected to access the influence of surface charge and mechano-electric 

stimuli in the expression of the myogenic differentiation marker MHC. Figure 6.8 shows the fluorescent 

images of C2C12 myoblasts cultured on the different CFO/P(VDF-TrFE) films surfaces, as well some 

relevant properties of the formed myotubes formed, including fusion and maturation index, length, aspect 

ratio between length and width and the number of myotubes per 1 mm2. 
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Figure 6.8. (a) Immunofluorescent staining of myosin heavy chain after 5 days of C2C12 cells 

differentiation on the different samples. Row 1 shows the C2C12 cells present on non-poled, row 2 shows 

them on “poled +” and row 3 shows the cells on “poled –” CFO/P(VDF-TrFE) samples. The columns 1 

and 2 show the cells under static condition with DM and BM, respectively; columns 3 and 4 show them 

under dynamic conditions (magnetic stimulation) with DM and BM, respectively. Quantitative analysis on 

(b) fusion index, (c) maturation index, (d) myotube length and (e) diameter of the obtained myotubes and 

(f) myotube number. Data are expressed as the mean ± s.e.m. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, 

****p ≤ 0.0001; and δp ≤ 0.01 vs non-poled with BM and static conditions, θp ≤ 0.001 vs non-poled with 

BM and static conditions and #p ≤ 0.0001 vs non-poled with BM and static conditions. 

 

Figure 6.8a shows that all the ME materials with and without surface charge promote myogenic 

differentiation of C2C12 myoblast that can be confirmed by the presence of MHC in all the samples after 

5 days of cell culture in all the conditions. Regarding the fusion index (figure 6.8b) at static conditions, 

with BM, the sample “poled +” show higher values comparatively to the other samples that shows similar 

values. When the medium was changed to DM, significative differences were observed in both poled 

samples. Also, it is possible to verify significant differences between the polarization surface charges, with 

higher values for the positively charged samples. Previous studies show related results, proving that 

electrically poled β-PVDF samples promote higher fusion index values [11], with also higher values for 
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the positive ones. This fact indicates that positively charged samples improves C2C12 myoblast 

differentiation. 

After analyzing the myogenic fusion index, i.e. the number of fused cells per total cell number, it is 

also important to evaluate the maturity of the formed myotubes. 

Relatively to the maturation index (figure 6.8c) at static conditions, it is verified with BM that poled 

samples present significant higher values compared to the non-poled ones, but with no significant 

difference between the polarization types. Changing the medium to DM, the same behaviour as the one 

observed in the fusion index was observed: all samples present higher values with DM but with no 

significant difference for the non-poled samples and significant difference for the poled ones. However, 

comparing the poled samples, contrarily to the fusion index, no significant differences were observed 

among them.  

The differentiation assays on the same scaffolds using the drop method (figure 6.1) under dynamic 

conditions were performed at the same time. It is observed (figure 6.8b and 6.8c) that for all samples 

with and without DM under dynamic conditions, the values of fusion and maturation index were higher 

than under static condition. After 5 days of differentiation it is evident, for cell culture in both media, that 

the fusion index was more significative in charged samples, in particular in “poled +” with DM (≈ 20%). 

Although significant differences between the polarizations on fusion index values were observed, similar 

maturation values were verified for “poled +” and “poled –” with DM (≈ 71 and 69% respectively). The 

non-poled samples showed ≈ 11 and 42% for fusion and maturation index, respectively, demonstrating 

that mechanical and mechano-electrical stimuli promote C2C12 myoblast differentiation. 

In order to assess the myotube formation, myotube length (figure 6.8d), diameters (figure 6.8e) and 

numbers/area (figure 6.8f) were evaluated for cell culture with the two media (BM and DM), under static 

and dynamic conditions. It is verified that non-poled samples lead to higher myotubes diameters and that 

the poled samples lead to higher myotubes length. Relatively to the myotube number per area, it is verified 

that the dynamic conditions improve the number of myotubes, with higher values for the poled samples, 

which is in agreement with the obtained results of fusion and maturation index. 

After examination of the myogenic differentiation on CFO/P(VDF-TrFE) samples by the presence of 

MHC, the major structural protein in myotubes, another muscle-specific structural gene, muscle creatine 

kinase was evaluated during the differentiation phase. Creatine kinase is a relevant muscle-specific gene 

in muscle fiber-type maturation of the myotubes. Figure 6.9 shows the creatine kinase values obtained 

for C2C12 myoblast cells cultured on CFO/P(VDF-TrFE) films with and without polarization for 5 days of 

cell differentiation under static and dynamic conditions. 
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Figure 6.9. Creatine kinase activity values after 5 days of C2C12 cell differentiation cultured on the 

different CFO/P(VDF-TrFE) samples: non-poled, “poled +” and “poled –”. All the values are presented as 

average ± s.e.m. ***p ≤ 0.001, ****p ≤ 0.0001; δp ≤ 0.01 vs non-poled with BM and dynamic conditions 

and #p ≤ 0.0001 vs non-poled with BM and dynamic conditions. 

 
Comparing the static and dynamic conditions with DM it is evident that the samples cultured under 

dynamic conditions yield the highest values of creatine kinase activity. Further, the poled samples present 

higher values compared with the non-poled ones, being no significative differences among samples with 

different surface charge. Analyzing the samples under dynamic conditions but with and without DM, it is 

verified that no significant differences are obtained for non-poled and “poled +” samples, contrary to the 

“poled –” samples, where significant differences are observed, with higher values with DM. Once, as 

already stated before, the creatine kinase values are associated to the more mature myotubes. Thus, it 

is verified that these results are in agreement with the values of the maturation index (figure 6.8c). 

 
The study of cell differentiation was kept up to 8 days and after this time, immunofluorescence 

staining of myosin heavy chain was investigated (figure 6.10).  
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Figure 6.10. Immunofluorescence microscopy images of C2C12 myoblast differentiated on different 

CFO/P(VDF-TrFE) films for 8 days with BM under dynamic conditions. Myotubes were fixed and stained 

with a MHC-specific antibody (red) and the nuclei counterstained with DAPI (blue). Scale bars represent 

100 μm for all upper images. 

 
Figure 10 shows the immunofluorescent staining of MHC images of C2C12 myoblast cells 

differentiated under dynamic conditions (magnetic stimulation) with BM. After 8 days of differentiation, it 

is verified that myotubes continue to grow with the same profile obtained after 5 days of differentiation, 

i.e just more mature myotubes are observed in all the samples when compared with the same sample 

and conditions. Namely, it is observed higher myotubes diameter on the non-poled samples and higher 

length in the poled ones. The same behaviour was observed for the others conditions (data not shown), 

with similar differences between the samples and conditions observed after 5 days of differentiation. 

Observing all the results obtained after evaluation of the influence of the surface charge (polarization) 

of the biomaterial and the stimuli provided to the cells (mechanical and/or electrical), it can be concluded 

that the polarization and also these stimuli enhance the myoblast differentiation, leading to more mature 

myotubes. Also, comparing the poled samples, it is verified that when only the physical stimuli was 

provided (BM at dynamic conditions), the samples with positive polarization lead to significantly higher 

fusion and maturation index. This can be related to the fact that the cellular plasma membrane presents 

a negative charge [39]. Also, it has been demonstrated that the positive and negative charge can 

enhance/inhibit different phases of cell behaviour. For example, the use of positive charged nanoparticles 



Chapter 6 – Magnetically activated electroactive microenvironments for skeletal muscle tissue regeneration  
 

156 

 

has demonstrated to inhibit stem cell proliferation but not differentiation [40]. However, when the physical 

stimuli is combined with the chemical one (DM), no significant differences are observed between cell 

culture on samples with different surface polarization. 

Another important parameter for skeletal muscle TE is the alignment of the cells. This is important 

once the natural skeletal muscle presents a highly organized structure, with long parallel bundles of 

multinucleated myotubes. Besides that, a non-proper myotube alignment leads to an ineffective force 

transmission and contractility for regeneration of functional muscle fibres [41]. 

In this way, it is important the biomaterials to prevent random fusion and to lead to a proper 

elongation and alignment of myotubes. The fused myotubes formed in the different samples at different 

conditions have been this studied (Figure 6.11). 

 

Figure 6.11. Distribution of myotube orientation on the different CFO/P(VDF-TrFE) samples: (a) non-poled, 

(b) “poled +” and (c) “poled –”; with DM under static and dynamic conditions after 5 days of 

differentiation. 

 
Regarding the distribution of myotube orientation on the different CFO/P(VDF-TrFE) samples, the 

polarization of the samples seems to induce some myotube orientation. When the mechanical and/or 

electrical stimuli are provided, it is verified that these stimuli induce the myotube orientation in all the 

samples; being more evident on the non-poled samples compared with the static conditions where no 

myotube orientation was verified. Therefore, these results demonstrate that, together with the 

enhancement of myoblast differentiation, the developed materials lead to the myotubes alignment. In this 

way, ME biomaterials show strong potential to be used for skeletal muscle TE. Therefore, this effect can 

be combined also with scaffolds with fibrillar morphology [42] which as has been shown to strengthen 

the alignment of myotubes [11]. 

The previous results thus demonstrated that the mechano-electrical stimuli (provided by the 

magnetic home-made bioreactor) have large influence on proper C2C12 differentiation. However, it is 

possible to directly mechanically stimulate these ME samples [22] with a home-made vibration bioreactor 
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(see figure 6.1), obtaining a mechanically activated electroactive microenvironment. With this bioreactor 

a direct mechanical stimulation of the materials is provided, evaluating directly the piezoelectric response. 

Thus, studying this two kind of stimulation by different bioreactors, it is possible prove the positive 

influence of mechano-electric stimuli on the cells by two different approaches (magnetoelectric stimulation 

and direct piezoelectric stimulation). The study in this mechanical home-made bioreactor was performed 

with different CFO/P(VDF-TrFE) samples and no chemical stimuli (BM), for 5 days of cell differentiation, 

in order to evaluate and compare only the physical stimuli.  

The figure 6.12 shows the immunofluorescent images and some myotube quantitative parameters 

obtained on the CFO/P(VDF-TrFE) samples with BM under dynamic conditions through the use of the 

mechanical home-made bioreactor. 

 

Figure 6.12. (a) Immunofluorescent staining of myosin heavy chain (MHC) after 5 days of C2C12 cells 

differentiation under dynamic condition (mechanical stimulation) with BM on the different CFO/P(VDF 

TrFE) samples. Scale bars represent 100 μm for all images. Quantification of (b) myotube diameter, (c) 

myotube length, (d) fusion and maturation index and (e) number of myotubes.mm-2. Data are expressed 

as the mean ± s.e.m., ****p ≤ 0.0001. 

 
Figure 6.12a shows that all materials under mechanical stimulation promote C2C12 differentiation, 

where the electrically charged materials lead to higher fusion and maturation index values (Figure 6.12d) 
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than samples without charge (non-poled), in which just mechanical and not mechano-electric stimulation 

occurs. It is to notice that these results are fully in agreement with the ones obtained with the magnetic 

home-made bioreactor. 

Also, no significant differences between samples cultured on “poled +” and “poled –” samples were 

obtained. The size of myotubes, more specifically their length (figure 6.12c) and diameter (figure 6.12b) 

shows that higher values of maturation index are also associated with longer myotubes. The “poled +” 

CFO/(PVDF-TrFE) samples support the biggest myotubes with 391.05 ± 34.19 µm, with no significant 

differences compared to the “poled –”, 356.28 ± 24.34 µm. Relatively to the distribution of the myotube 

diameter (figure 6.12b), it is observed that the diameter average values obtained for all samples ranged 

between 26.38 ± 1.04 and 30.50 ± 1.18 µm, with the non-poled samples leading to the largest diameter. 

Myotube number was also quantified (figure 6.12e) and the results demonstrate that the mechano-

electrical stimulus promotes higher differentiation, and consequently, higher myotube formation, with no 

significative differences between both polarization states, 45 ± 7 and 53 ± 5, for “poled +” and        

“poled –”, respectively.  

The use of a home-made bioreactor system with mechanical solicitations at 1 Hz confirmed the 

relevance of the mechano-electric stimuli for muscle differentiation. With this approach (direct mechanical 

stimuli), higher values of electrical stimuli (64 µV) are provided (as calculated from the piezoelectric 

coefficient of the materials) to the cells.  

An overview of the cell response obtained by the use of the different home-made bioreactors are 

compared in Table 6.2, showing the data of the fusion and maturation index obtained in the different 

samples with BM at static and dynamic conditions in the two bioreactors. 
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Table 6.2. Quantitative comparison of MHC among the different samples after 5 days of differentiation 

under static and dynamic (magnetic and mechanical stimulation) conditions. 

 
 

Regarding the table 6.2, it is verified that the fusion and maturation index values are slightly higher 

with direct mechanical stimulation. Once the values of electrical stimuli provided by this bioreactor are 

superior to those provided by the magnetic one, it is concluded than the mechanical but mostly the 

electrical cues, play a key role on muscle differentiation. In this way, electromechanical 

microenvironments, either directly mechanically or magnetically activated show an excellent potential for 

skeletal muscle TE, by providing the necessary physical stimuli present in the natural tissue in the human 

body.  

 
6.4 Conclusions 

Skeletal muscle TE requires novel and more efficient strategies to mimic the natural tissue 

microenvironment. This work demonstrates the relevance of electromechanically active 

microenvironments for muscle TE. The mechanical and electrical activation of the microenvironment has 

been performed either directly (direct application of mechanical solicitation to produce the piezoelectric 

response of the material) or indirectly (magnetically activated) by using magnetoelectric biomaterials - 

that allows triggering cellular response by non-contact external stimulation. Herein, the suitability of the 

magnetoelectric effect for skeletal muscle TE was demonstrated with CFO/P(VDF-TrFE) films with different 
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surface charges. It is shown that the introduction of 20 wt.% CoFe2O4 filler increases the water surface 

angle with respect to the pristine polymer, but that the water contact is reduced after the poling process, 

leading to lower water contact angles for the charged samples:  59 ± 4º for negative and  67 ± 2º for 

positive surface charge. Further, surface roughness also increases with the introduction of the magnetic 

fillers with respect to pristine PVDF-TrFE. These biomaterials allowed mechanical (0.013 µm.mm-2) and 

electrical (16.15 µV and 64 µV, thought magnetic an mechanical bioreactor, respectively) stimulation of 

the cells. Relatively to the myogenic cell differentiation, this study showed that at dynamic conditions, the 

application of mechanical (non-poled samples) and mechano-electrical (“poled +” and “poled -” samples) 

stimuli promote the C2C12 cells differentiation (higher presence of MHC) comparatively to the static 

conditions. As verified in the cell proliferation, charged samples show higher maturation index, with no 

significant differences in positive and negatively charged surfaces. A magnetically or mechanically 

activated electroactive microenvironment was provided to the cells by the use of a magnetic or mechanical 

bioreactor, respectively. Comparing both stimulation procedures, it is concluded that the mechanical but 

mostly the electrical cues play a key role on muscle differentiation. Concluding, this study proves the need 

of biomimetic electroactive microenvironments for muscle tissue engineering and demonstrated how to 

apply these stimuli remotely by magnetoelectric biomaterials. 
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 Conclusions and future works 
  

This chapter presents the main conclusions of this work, devoted to the development of multifunctional platforms for 

muscle regeneration, and their influence on cell muscle behaviour. The potential of piezoelectric and magnetoelectric 

polymeric biomaterials for skeletal muscle tissue engineering was shown, and the relevance of mechano-electrical 

stimuli for myotube differentiation was confirmed. Suggestions for future works are also put forward. 
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7.1 Conclusions 

The biomimicry of the natural microenvironment of tissues with engineered scaffolds remains one 

of the largest challenges of TE. The microenvironment is a complex 3D microstructure of signaling 

molecules, interacting cells and structural components. With each of these components playing a critical 

role in healthy tissue, it is essential to understand their interactions in order to identify methods to properly 

repair tissue damaged in disease states. Furthermore, by thoroughly understanding the microenvironment 

contribution to cell fate determination, it will allow more accurate and specifically designed TE strategies. 

It has been demonstrated that muscle cells differentiate optimally when the physical signals resemble the 

cues encountered by the cells in their natural environment. Also, it is well known that muscle tissue reacts 

to electrical and mechanical stimuli. In this way, piezoelectric biomaterials emerge as possible solution 

to provide these electromechanically active stimuli for a more biomimetic TE approach. 

This work was thus devoted to the use of β-PVDF polymer for muscle TE applications, mainly due to 

its high piezoelectric response, allowing to provide the electromechanical stimuli that the muscle tissue 

needs. The suitability of the piezoelectric effect for tissue regeneration has already been proven for bone 

and it was already demonstrated the relevance of surface charge on muscle regeneration. In this way, β-

PVDF films (non-poled - no average surface charge, “poled +” - positive surface charge and “poled –” - 

negative surface charge) were successfully obtained by solvent casting and corona discharge for the poled 

samples, and PVDF fibres were obtained by electrospinning obtaining directly fibres on electroactive 

phase (β-phase). These fibres can mimic the extracellular matrix of the human body promoting alignment 

of cells. The mechanical properties of the scaffold are an essential parameter in order to get controlled 

mechanotransduction of the cells. The effective Young’s modulus for the oriented fibres depends 

significantly on the stretching direction. Being 225, 27 and 23 MPa for deformation along the 0º, 45º and 

90º angles with respect to fiber orientation, respectively. The electroactive β phase of the pure PVDF 

fibres is above 75%, independently of the orientation direction.  

As electroactive materials are a suitable platform for advanced muscle TE strategies, new functional 

properties were added to the materials. Thus, SiNPs and magnetic nanoparticles were introduced in the 

piezoelectric matrix. SiNPs were selected in order to improve the nucleation of β-phase of PVDF and to 

provide a platform for loading growth/differentiation factors in mesoporous silica nanoparticles. Magnetic 

nanoparticles, on the other hand, were introduced in order to provide magneto-mechanical and/or 

magneto-electric stimulation to the cells. 

In the case of SiNPs, particles with different diameters and functionalizations were produced and 

introduced in different contents into PVDF leading to composites with different morphology, porosity and 
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electroactive phase. It was verified that 8 wt.% of SiNPs with positive functionalization (NMe3
+) promotes 

an increase on β-phase content up to ≈ 53%. The obtained samples demonstrated to be not cytotoxic and 

promoted cell proliferation, being a good approach for TE applications. 

The introduction of CFO within PVDF fibres increases the electroactive β phase content up to ≈ 92% 

and the stretching does not alter significatively these values. The same happen for the mechanical 

properties that increase to 308.71 MPa with 10 wt.% of CoFe2O4 nanoparticles. 

All the developed materials represent active multifunctional platforms for skeletal muscle tissue 

engineering depending. Thus, it was important evaluate the effect on cells of some relevant parameters. 

In this way, cell response was evaluated in β-PVDF films (non-poled - no charge, “poled +” - positive 

charge and “poled –” - negative charge) obtained by solvent casting and corona discharge for the poled 

samples, and PVDF fibres obtained by electrospinning. It was observed that both charged surfaces of 

PVDF films promote myogenic differentiation of C2C12 cells. After 8 days of differentiation, it is shown 

that without chemical stimuli (basal medium), the positively charged surface of β-PVDF samples show 

higher fusion index comparatively to the other samples. On the other hand, the maturation index values 

of the obtained myotubes are higher when the cells grown on surface charged samples, with no significant 

differences among positively or negatively charged surfaces when combined with the chemical stimuli 

(differentiation medium) (≈ 5 fold higher when compared with the control: 5 days of differentiation with 

BM) and also without chemical stimuli (basal medium) (≈ 3 fold higher when compared with the control: 

5 days of differentiation with BM). So, it was demonstrated that the combination of surface charge 

(physical stimuli) and differentiation medium (chemical stimuli) promote myotubes more mature than 

samples without polarization.  

Together with the surface charge of the materials, their morphology also plays a relevant role in 

determining cell fate. Thus, with respect to the effect of the scaffold morphology, it was verified that 

oriented electrospun PVDF fibres promote the alignment of the cells that is important for the differentiation 

and morphology of skeletal muscle tissue in the human body. 

Analyzing the effect of β-PVDF surface charge on cell adhesion, it was shown that surface charge 

promotes cell elongation (≈ 41 µm) and negative polarization improves cell-material adhesion force 

(≈ 8.92 ± 0.45 nN). In this way, the de-adhesion energy required to detach cells is higher on negative 

charged surfaces (≈ 30.34 ± 1.52 × 10-15 J), which is in agreement with higher de-adhesion force exerted 

on the cantilever. These results demonstrate that polarization allows to tune cell-surface interactions via 

electrical surface charge and also dynamically from the piezoelectric effect, that leads to surface charge 

variations upon mechanical solicitations.  
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With respect to the materials with magnetostrictive CFO nanoparticles, the adhesion, proliferation 

and differentiation of myoblast C2C12 cells was studied under both static and dynamic conditions. Under 

static conditions, it was observed that the surface charge allows the elongation of the cells (similar for 

both polarization states) as verified for the PVDF films. Further, cell proliferation shows an increase in cell 

viability and differentiation, with higher fusion and maturation index of the myotubes comparatively to the 

samples without surface charge. In this case, no physical stimuli are being applied to cells. In order to 

stimulate the environment found in the human body, bioreactors are needed to provide the appropriate 

stimuli to the biomaterials. This introduces a new technology that combines a new generation of active 

biomaterials for TE with the use of bioreactors that can provide the appropriate stimuli. By applying 

dynamic stimulation, to the magnetoelectric films, the cells will sense mechanical stimuli of 0.013 

µm.mm-2 and an electrical stimuli of 16.15 µV. With this approach the influence of the mechano-electrical 

stimuli on the myoblast cell differentiation was evaluated and it was shown that these stimuli promote 

skeletal muscle regeneration, obtaining more mature myotubes, with no significant differences in positive 

and negatively charged surfaces. Also, another bioreactor with mechanical solicitation was used in order 

to prove the relevance of such stimuli, where similar but slightly higher values of electrical (64 µV) stimuli 

were applied to the cells. The results obtained shows higher maturation index values than the obtained 

by the use of the magnetic bioreactor, concluding that the mechanical and mostly the electrical stimuli 

play a key role on muscle differentiation. Therefore, this study proves the suitability of physical stimuli to 

improve tissue regeneration. It is also proved that magnetoelectric biomaterials are highly interesting to 

provide the mechano- and electrically-active dynamic microenvironment. 

Thus, this work successfully demonstrates that mechanical and electrical stimuli are essential 

elements for proper muscle regeneration and that piezoelectric and magnetoelectric materials represent 

a promising approach for muscle TE.  

 
7.2 Future work 

This work demonstrated that piezoelectric and magnetoelectric polymers are promising candidates 

for skeletal muscle TE applications. However, it is essential to continue this line of research to better 

understand how the developed materials support skeletal muscle regeneration.   

 
• In this study, only one cell type has been studied: cell line C2C12. As different cell types respond 

differently to different material surface characteristics, it will be important to evaluate the influence of the 

electro-mechanical stimuli with other muscle cell types such as cardiac muscle cells. In particular, the 
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study of these effects on human muscle cells and also on induced pluripotent stem cells (IPSCs) seem 

to be interesting challenges.  

• Some important characteristics of myoblast cells must be quantified, such as the expression of 

marker genes that play distinct roles during myogenesis. This quantification can be due under static and 

dynamic conditions in order to understand how the surface charge and the piezoelectric effect affect the 

intracellular pathways of the cells. With these results it will be possible develop a more targeted and 

effective approach for muscle regeneration.  

• The developed fibre platform with silica nanoparticles can be produced with silica mesoporous 

nanoparticles in order to combine the piezoelectric polymers with the release of bioactive materials to 

target specific applications goals. 

• Evaluate the physiological function of the differentiated muscle function. 

• Validate the electro-mechanical bioreactor as a widespread tool for tissue regeneration. 
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