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ABSTRACT OF DISSERTATION 

The Effect of Poling State, Surface Charge, and Frequency of Vibration of Piezoelectric 

Poly (Vinylidene Fluoride) Films for Bone and Neural Tissue Engineering Applications 

BY RABAB CHALABY 

Dissertation Director: 

Ronke M. Olabisi 

Novel paradigms for tissue engineering recognize the need for active or smart scaffolds in 

order to properly regenerate specific tissues. Electrical and electromechanical cues are the 

most relevant in promoting functionality in tissues such as nerve, muscle, and bone, among 

others. The existence of electrical phenomena within certain tissues may suggest the 

requirement of such phenomena (ie., electroactivity, piezoelectricity) during tissue 

regeneration. For instance, it has been shown that electrically charged surfaces can 

influence different aspects of cell behavior such as growth, adhesion, or morphology of 

different cell types, including osteoblast, neural, and muscular cells. Therefore, 

electroactive materials and, in particular, piezoelectric ones, show a strong potential for 

novel tissue engineering strategies. Piezoelectric materials have an interesting ability to 

vary surface charge when a mechanical load is applied, without the need for an external 

power source or connection wires, a feature that can be taken advantage of in novel tissue 

engineering strategies. Poly (vinylidene fluoride) (PVDF) is a semi-crystalline and 

biocompatible polymer with the largest piezoelectric response among piezoelectric 

polymers, mechanical properties appropriate for tissue engineering applications, and 

excellent electroactive properties such as piezo-, pyro and ferroelectricity. It was 
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hypothesized that by varying vibration frequencies in piezoelectric substrates, attached 

neuronal cells would respond with varying onsets of growth. 

Since nerves innervate both bones and muscles, we further hypothesized that frequencies 

that promoted neural growth would also promote bone and muscle cell growth. The first 

aim of this study sought to investigate the effect of oscillating electric fields on a variety 

of mesenchymal tissues—human mesenchymal stem cells (hMSCs), bone (osteoblasts), 

and nerve cells by seeding them on poled and unpoled PVDF membranes and vibrating 

them at 20, 60, and 100 Hz. The results of this study indicated significant increases in 

osteogenic activity for both osteoblasts and hMSCs when subjected to mechanical vibration 

and the piezoelectric effect. Metabolic activity assays of hMSCs and osteoblasts verified 

that proliferation of both cell types was enhanced due to the piezoelectric effect of poled 

PVDF films but reduced in response to mechanical stimulation alone. Neurite imaging of 

undifferentiated and differentiated nerve cells revealed increases in neurite growth in 

response to mechanical and electrical stimulation.  

Bone is itself piezoelectric, it follows that bone cells would respond to piezoelectric 

substrates. Nerves also come into direct contact with bone, thus it follows that the 

piezoelectric properties of bone also affect nerve cells. Therefore, the second hypothesis is 

that piezoelectric substrates with a surface charge most mimicking that of bone will 

promote increased adhesion and proliferation of bone and nerve cells. Thus, on the second 

aim of this dissertation is to examine the effect of stationary electric fields on a variety of 

mesenchymal tissues—human mesenchymal stem cells (hMSCs), bone, and nerve cells by 

seeding them on tissue culture polystyrene and three kinds of PVDF film surfaces: unpoled 

films with no surface charge, poled films with cells cultured on the positively charged side 
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of the sample, and poled films with cells cultured on the negatively charged side of the 

sample. The same methods that were used in investigating the effect of oscillating electric 

fields on cells were employed to observe how the stationary electric field affects cells 

differentiation and growth and at the same time points. The results showed a more 

homogeneous distribution of hMSCs and osteoblasts seeded on negatively poled PVDF 

films, but no osteogenesis. Metabolic activity assays of hMSCs and osteoblasts indicated 

that the highest number of viable hMSCs resulted on negatively poled PVDF films while 

the highest number of viable osteoblasts occurred on positively poled PVDF films. Finally, 

neurite imaging verified that charged piezoelectric PVDF membranes induce neurite 

outgrowth more than electrically neutral membranes in the absence of electrical 

stimulation.  

The final goal of this study was to fully characterize the dynamics of the loading 

environment cells were subjected to, which has not been previously reported in PVDF cell 

studies, and to correlate the measurements to cell fate. Directly measuring PVDF and media 

displacement permitted calculation of the actual acceleration PVDF and cells were 

subjected to and illustrated that the cell culture media has a significant impact on the 

oscillating pressure imparted to the films and thus the piezoelectric output of the PVDF. 

From these measurements, it was possible to estimate the voltage output of the PVDF films, 

which for 100 Hz vibrations were in the physiological range of the action potentials that 

are experienced by excitable cells such as muscle and nerve. These results suggest a cause 

for the observed change in morphology of hMSCs towards neuronal cells. The results from 

this study may better define optimal stimulation parameters for desired cell fate and has 

already resulted in unexpected and new findings not yet reported in the literature. 
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CHAPTER 1: BACKGROUND AND INTRODUCTION  

1.1 TISSUE ENGINEERING 

Tissue engineering seek to replace or facilitate the regrowth of damaged or diseased tissue 

by applying a combination of biomaterials, cells and bioactive molecules [1]. Every day, 

thousands of clinical procedures are carried out to replace or repair tissues in the human 

body that have been damaged through trauma or disease. For instance, the current approach 

to reconstruct breast tissue due to cancer includes reconstructive surgery utilizing 

autologous tissue flaps, or implants of synthetic materials such as silicone. The damaged 

tissue is generally replaced by using donor graft tissues (autografts, allografts, or 

xenografts), but the main problems associated with this are a shortage of donors or 

autologous donor sites, transmission of disease, rejection of grafts, donor site pain and 

morbidity, the volume of donor tissue that can be safely harvested, and the possibility of 

harmful immune responses [2]. In contrast to replacing damaged tissues with grafts, tissue 

engineering, or regenerative medicine, aims to regenerate damaged tissues by developing 

biological substitutes  

approach for breast reconstruction includes a combination of a patient’s own cells with 

polymeric scaffolds [5]. Or in coronary artery disease, arteriosclerosis can occlude arteries 

to the point that they are no longer patent. The current standard is to harvest veins such as 

the saphenous vein to replace the blocked artery. Rather than harvest healthy vessels, blood 

vessel tissue engineering attempts to regrow vessels by seeding the lumen of scaffolds 

comprised of natural biologic and /or synthetic materials with endothelial cells [6]. The 

organs or tissues targeted for regeneration by tissue engineering and regenerative medicine 
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include breast for reconstruction blood vessel, heart valve, cornea, pancreas, liver, 

genitourinary tissue, bone, cartilage, tendon, ligament, periodontal and neural tissue for 

nerve regeneration. In the last two decades, the research and development among the 

scientific community in this emerging field of tissue engineering and regenerative medicine 

has progressed at a rapid rate [7].  

Tissue engineering often relies on scaffolds for supporting cell differentiation and growth. 

Scaffolds optimized for tissue engineering should possess the following attributes: 

1. Mechanical properties that are sufficient to shield cells from tensile forces without 

inhibiting biomechanical cues; 

2. The desired volume, shape, and mechanical strength [8]; 

3. Acceptable biocompatibility; 

4. A highly porous and well-interconnected open pore structure to allow high cell 

seeding density and tissue in-growth; 

5. Bioadsorption at predetermined time periods; 

6. Biocompatible chemical compositions of both the materials and their degradation 

products, causing minimal immune or inflammatory responses [9]; and 

7. A physical structure to support cell adhesion and proliferation, facilitating cell–cell 

contact and cell migration [10] 

Tissue engineering technologies involve the successful interaction between three 

components: (1) the scaffold that holds the cells together to create the tissue’s physical 

form; (2) the cells that create the tissue; and (3) the biological signaling molecules, such as 



3 

 

 

 

growth factors, that direct the cells to express the desired tissue phenotype (Figure 1.1) 

[11]. 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: The tissue engineering paradigm [11]. 

Much of the research surrounding tissue engineering approaches is focused on the materials 

that serve as the scaffolds. Biodegradable polymers provide a surface for the adhesion of 

cells in a three-dimensional structure, which plays an important role in cell interaction and 

tissue specific gene expression. Their porous structure allows delivery of sufficient 

nutrient, waste removal and gas exchange, and ingrowth of host tissue [12]. Scaffolds have 

been fabricated from naturally derived materials, synthetic polymers, and cellular tissue 

matrices [13, 14]. Often, the scaffold material can be selected to direct the differentiation 

of mesenchymal stem cells, which are often used in tissue engineering applications. This 

approach has been met with varying success, depending on the tissue.  

CELLS 

Stem cells (embryonic or adult), 

differentiated cells, or co-

cultured cells 

SIGNALS 

Biochemical, bioelectrical, 

biomechanical 
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A particular challenge for regenerative medicine and tissue engineering strategies is the 

damaged nervous system applications. After transection of nerves due to traumatic injury, 

the axon distal to the lesion becomes disconnected from its neuronal cell body and 

degenerates in a manner called Wallerian degeneration. This occurs in both the central 

nervous system (CNS) and peripheral nervous system (PNS). After spinal cord injury, 

spinal cord parenchyma involving glial and neuronal cells is lost. Long descending 

projection axons from the motor cortex (corticospinal tract) and subcortical regions, 

ascending sensory projections, and projections spanning a shorter distance may be 

transected completely, depending on the lesion severity. Ultimately a cystic lesion defect 

will develop at the site of injury. The spinal cord lacks the intrinsic capacity to replace 

organotypic tissue and instead produces nonfunctioning scar, which, besides a concomitant 

expression of growth inhibitory factors and a lack of growth promoting factors, represents 

the major factor contributing to the failure of CNS axons to regenerate [15]. Substantial 

progress in replacing the lesion defect and subsequently promoting axonal regeneration has 

been achieved through cell transplantation strategies. Specific primary cell populations 

replace lost spinal cord parenchyma and provide a growth permissive substrate for 

regenerating axons [16]. Despite initial promising results, cell transplantation approaches 

either do not promote axon regeneration in a directed rostro-caudal, or superior-inferior, 

fashion for proper reconnection of disrupted axon pathways.  

Electrical and electromechanical cues are the most relevant in promoting functionality in 

certain tissues such as nerve, muscle, and bone. Novel paradigms for tissue engineering 

recognize the need for active or smart scaffolds in order to properly regenerate specific 
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tissues. The existence of electrical phenomena within certain tissues may suggest the 

requirement of such phenomena (ie., electroactivity, piezoelectricity) during tissue 

regeneration [1]. For instance, it has been shown that electrically charged surfaces can 

influence different aspects of cell behavior such as growth, adhesion, or morphology of 

different cell types, including osteoblast, neural, and cardiac cells. Therefore, electroactive 

materials and, in particular, piezoelectric ones, show strong potential for innovative tissue 

engineering approaches. Piezoelectric materials have an interesting ability to vary surface 

charge when a mechanical load is applied, without the need for an external power source 

or connection wires, a property that can be taken advantage of in novel tissue engineering 

strategies [17].  

1.2 PIEZOELECTRIC EFFECT IN THE HUMAN BODY  

Bio-piezoelectricity can be thought of as an extended property of living tissue, where it 

plays a significant role in several physiological phenomena [2]. Piezoelectricity can thus 

be found in different parts of the human body such as bone, tendon, ligaments, cartilage, 

skin, dentin, collagen, deoxyribonucleic acids (DNA), and conceivably, in cell membranes 

[2,6]. The first study proposing the piezoelectric property of bone was in 1955 [4]. A few 

years later, electric currents in bone and the generation of electric potentials when bone is 

mechanically stressed were verified [7,18]. This phenomenon, recognized as 

piezoelectricity, is independent of cell viability. According to Wolff's law, mechanical 

stress produces electrical signals and these signals act as the stimulus that promotes bone 

growth and remodeling [19]. Mechanotransduction describes the cellular action of 

converting mechanical stimuli into electrochemical responses. It has been hypothesized 
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that piezoelectricity plays a role in certain types of mechanotransduction. It has also been 

suggested that the action of piezoelectric signals may function to alter the chemistry of 

pertinent macromolecules, such as collagen, or to influence cellular activity directly [20]. 

The influence of electrical stimulation on bone healing has been studied in vitro [21, 22] 

and in vivo [23, 24] and it has been demonstrated that the application of such electrical 

stimuli can enhance and stimulate osteogenic activity. Wolff’s law demonstrates that 

mechanical stimuli do the same. Thus, osteoblasts are directed by both electrical and 

mechanical signals to deposit bone tissue [25, 26], reflecting both the piezoelectric nature 

of bone and the mechanotransduction of these signals. 

1.3 POLYMERS FOR TISSUE ENGINEERING 

Piezoelectric polymeric materials have been considered in tissue engineering applications. 

These materials generate transient surface charges in response to tiny mechanical 

deformations of the material under minute mechanical strain and do not require additional 

energy sources or electrodes.  Poly (vinylidenefluoride) (PVDF) is a synthetic, 

semicrystalline polymer with piezoelectric properties that generates transient surface 

charges due to its unique molecular structure [27]. Studies exploring the use of 

piezoelectric polymers for tissue engineering applications are mostly devoted to bone, 

muscle and neural regeneration (Table 1.1). 
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  Table 1.1:  PVDF scaffold designs and cells used for different biomedical applications. 

Applications Material type Scaffold design   Cell types used  

Bone tissue 

engineering 

PVDF and 

copolymer 

Films 

MC3T3-E1 [28]; Goat 

marrow stromal cells into 

osteoblast [17,29] 

Fibers 
Human mesenchymal stem 

cells (MSCs) [30] 

Blends membranes 

(porous) 

NIH3T3 mouse fibroblast 

[31] 

Muscle 

regeneration 
PVDF 

Films C2C12 myoblast [32] 

Fibers C2C12 myoblast [32] 

Fibers, meshes 
In vivo study in rabbits 

[33,34] 

Neural 

regeneration 
PVDF 

Films 

 

Mouse neuroblastoma cells 

(Nb2a) [35] 

Spinal cord neurons [36] 

Blends membranes 

(porous) 

Dense and microporous 

membranes: neuronal cells 

[37] 

Channels/Tubes 

Nerve guidance channels: in 

vivo assay: mouse sciatic 

nerve model [38]; Tube 

containing nerve growth 

factor (NGF) and Collagen 

gel: in vivo assay: Wistar 

rats [39]. 

 

Damaraju et al. examined piezoelectric scaffolds for bone tissue engineering applications. 

PVDF fibers were produced and their effect on biological function was studied with seeded 

human mesenchymal stem cells (hMSCs) [40]. They established that the cells attach to the 

PVDF fibers and result in higher alkaline phosphatase activity (a marker of osteogenic 

activity) and early mineralization when compared with controls, showing the potential for 

the use of PVDF scaffolds for bone tissue engineering applications. Using MC3T3-E1 cells 

(an immortalized murine preosteoblast line), it has been demonstrated that the charge 

surface of PVDF influences cell viability and proliferation, with increases of both when 
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seeded on poled (larger net surface charge) than on non-poled films (where the charge 

distribution is not homogeneous) [17]. In another study, the influence of polarization and 

morphology of electroactive PVDF on the adhesion and morphology of myoblasts was 

examined [41]. It was shown that negatively charged surfaces improve cell adhesion and 

proliferation and that directional growth of the myoblasts could be achieved by culturing 

these cells on aligned fibers.  

When nerve regeneration was investigated with poly (vinylidene fluoride 

trifluoroethylene) (PVDF-TrFE), neurites attached and extended radially on the randomly 

aligned fibers, whereas the aligned fibers directed aligned neurite outgrowth, 

demonstrating the potential of this material for neural tissue engineering [42, 43]. 

Microporous PVDF membranes were fabricated for neural tissue engineering by covalently 

immobilizing L-lysine on the surface of the membranes. PC12 cells (a cell line containing 

a mixture of neuroblastic cells and eosinophilic cells derived from a pheochromocytoma 

of the rat adrenal medulla with an embryonic origin from the neural crest) cultured on these 

L-lysine/PVDF membranes showed good cell adhesion and proliferation, suggesting the 

membrane’s usefulness in the development of strategies to promote the regrowth and 

regeneration of nervous tissue [44]. Piezoelectric nerve guidance channels were fabricated 

using PVDF and evaluated in a transected mouse sciatic nerve model. The results showed 

that these nerve channels enhanced peripheral nerve regeneration and served as a tool to 

investigate the influence of electrical activity on nerve regeneration [45]. In yet another 

study, researchers developed tubular nerve guides using a vinylidenefluoride–

trifluoroethylene (VDF-TrFE) copolymer synthesized by a melt–erosion process. 
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Piezoelectrically active VDF-TrFE copolymer tubes were found to significantly enhance 

the nerve regeneration process [46]. Enhanced neurite outgrowth has been attributed to the 

presence of piezoelectric surface charges and transient charge generation [47].  

1.4 POLY (VINYLIDENE FLUORIDE) POLYMER 

Poly (vinylidene fluoride) (PVDF) and its copolymers have unique electrical and 

physicochemical properties, making them the most commonly used fluorinated polymers 

for an increasing number of advanced applications [48, 49]. PVDF is an extremely non-

reactive, semi-crystalline polymer specified by long chain macromolecules, and consists 

of approximately 59 wt.% fluorine and 3 wt.% hydrogen, obtained through the 

polymerization of the monomer vinylidene fluoride. The backbone of PVDF, the 

vinylidene fluoride monomer, CH2═CF2, was first synthesized in 1901 by Swarts [68]. 

Vinylidene fluoride is relatively stable, no inhibitor is needed to prevent spontaneous 

polymerization. More reactive fluorocarbon monomers such as trifluorethylene and 

tetrafluoroethylene are normally stored and handled in the presence of inhibitors. 

Vinylidene fluoride is a member of the fluorinated ethylene series and includes the 

following [69]: 

CH2═CH2        Ethylene 

CHF═CH2       Fluoroethylene (vinyl fluoride) 

CH2═CF2         Difluoroethylene (vinylede fluoride)  

CHF═CF2        Trifuoroethylene 

CF2═CF2         Tetrafluoroethylene 
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Different conformational structures of PVDF can be obtained depending on polymerization 

reaction and crystallization conditions. The temperature at which the reaction occurs is 

recognized as a key factor in the process, influencing the content of head-to-head chains in 

the polymer and its crystallinity [50, 51]. At least five polymorphic modifications can be 

found in the PVDF crystalline phase (identified as α, β, γ, δ, and ε), which are distinguished 

by the conformational structure of the chains and the macromolecule packing in the unit 

cells of their crystallites. The different chain conformations are designated as all trans 

(TTT) planar zigzag for the β-phase, TGTG' (trans-gauche-trans-gauche) for the α- and δ-

phases, and T3GT3G' for the γ- and ε-phases [52, 53]. As illustrated in Figure 1.2, in which 

the most investigated and used PVDF phases are depicted, the position of the fluorine 

atoms in the molecular chain instructs the phase of the polymer. The high electronegativity 

of fluorine atoms generates a strong electrical dipole moment of the monomer unit [54, 

55]. The β- and γ-phases have the highest dipolar moment per unit cell and therefore are 

known to possess piezoelectricity, while the other three phases (α, δ, and ε) are apolar due 

to antiparallel packing of dipoles within the unit cell [56]. The α-phase of PVDF can be 

transformed into the β-phase and, thus, into the electroactive phase by an additional 

treatment such as stretching, high pressure or polarization, while melt crystallization may 

lead back to the formation of the polar α-phase [57]. 
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Figure 1.2: Schematic representation of the chain conformations of the α, β, and γ phases 

of PVDF [58]. 

Each phase of PVDF gives different properties to the polymer but other characteristics such 

as the molecular weight, molecular weight distribution, and extent of irregularities along 

the polymer chain also play an important role in polymer properties.  The most widely 

investigated properties of PVDF are its piezoelectricity, its large dielectric constant, and 

its pyroelectric and ferroelectric effect. Properties such as improved mechanical strength, 

creep resistance, and wear resistance when compared with other fluorinated polymers such 

as PTFE, have also been investigated [59]. These properties are very important when 

considering the development of smart materials for advanced applications [60, 61]. 

Piezoelectric materials can react to changes in their environment, converting electrical 

energy to mechanical energy, and vice versa. This means that under mechanical impulses 

the charge at the surface of a piezoelectric material varies without the need for an additional 
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energy source or electrodes [62]. This strategy has been applied in tissue engineering 

applications for the development of scaffolds that support the growth, proliferation, and 

differentiation of different cell types such as osteoblasts, myoblasts and fibroblasts [63, 

64]. PVDF also shows pyroelectricity that indicates the capability of PVDF to generate 

electricity in response to the application of heat or vice versa. As a ferroelectric material, 

PVDF also shows a spontaneous electric polarization that can be switched by the 

application of an external electric field, resulting in a polarization-field hysteresis loop 

[65]. Due to their robust electroactive properties, materials comprising the β- and γ-phases 

of PVDF are the most sought after for advanced applications; the higher the piezoelectric 

response, the better for many applications, thus, strategies to improve this response have 

been widely investigated. One of the approaches to improve the piezoelectric response 

involves the development of PVDF copolymers. Though the fact that copolymer unit 

structures are less polar than those of pure PVDF, some copolymers show a higher 

crystallinity, resulting in higher overall piezoelectric responses [66]. Other properties, such 

as glass transition temperature, melting point, stability, elasticity, permeability, and 

chemical reactivity may also be changed as a result of copolymerization [67].  

1.5 BONE  

Bone is a specialized form of connective tissue that functions both as a tissue and an organ 

system, being the component of the skeleton that is committed with the protection, support 

and motion of the entire organism. Bone is a natural composite, with hard mineral elements 

and compliant protein components. The mineral/organic combination imparts a stiffness 

and toughness that allows for the protection of vital organs, e.g. skeletal components of the 
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rib cage and vertebrae protect the heart, lungs and other organs and/or tissues in the thoracic 

cavity. Bone’s stiffness also contributes to the maintenance of the structural support and 

mechanical action of muscles and tendons, which are broadly responsible for movement. 

At the cellular level, bone is a productive and metabolically active biological entity, i.e. 

bone is continually undergoing turnover to repair microstructural damage incurred through 

normal daily activities. Further, bone marrow lies within the trabeculae of cancellous bone 

and is a major locus of cell proliferation and differentiation, including hematopoietic 

processes. In addition to its structural functions and biological activities, bone serves a 

critical role in homeostatic regulation by acting as a reservoir for calcium and phosphate 

ions. 

By weight, bone contains approximately 70% mineral, 8% water, and about 22% 

collagenous matrix, and the interactions of these constituents play major roles in 

determining the mechanical behavior of bone [70]. At the macroscopic level, mature bone 

can be classified into two architectural forms: trabecular (cancellous or spongy) and 

cortical (compact), Figure 1.3 [71]. The trabecular bone is commonly found in the vertebral 

bodies and the epiphyses of long bones, covered by cortical bone. Cortical bone is the 

predominant bone in the body and is found in long, short, and flat bones [72]. 

 

Figure 1.3: Bone at a macroscopic level. 
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1.5.1 Bone Cells 

Several cell types comprise and maintain bone, including osteoblasts, osteoclasts, bone 

lining cells, and osteocytes. Together these cells play essential role in bone formation, 

maintenance, and remodeling, and are illustrated in Figure 1.4. 

Osteoblasts, osteocytes and bone lining cells originate from mesenchymal stem cells 

(MSCs), whereas osteoclasts originate from hemopoietic stem cells. Osteoblasts are fully 

differentiated cells and their function is to synthesize the organic component of bone matrix 

and to regulate the formation of hydroxyapatite crystals in the newly formed bone. 

Osteocytes are mature osteoblasts trapped in the lacunae within the bone matrix. These 

cells are thought to communicate with neighboring osteocytes information about the stress 

state of the surrounding bone, and are thereby responsible for the matrix maintenance, 

build-up, and breakdown. Bone lining cells cover the bone surfaces that are not undergoing 

bone formation nor remodeling. Similarly, to osteocytes, they have less cytoplasm and 

fewer organelles than osteoblasts. These cells regulate the transport in and out of the bone. 

Beyond transport functions, the role of these cells still remains relatively unclear, although 

it is accepted that they, together with the osteocytes, sense the mechanical load in the bone, 

which leads to bone remodeling. Osteoclasts are large, multinucleated cells, which carry 

out the resorption of bone by dissolving the minerals and digesting the bone matrix through 

osteocytic osteolysis. Osteoclasts are the agents that release calcium and phosphate ions 

from the bone to maintain homeostasis of these ions in the blood. Bone resorption occurs 

at a specialized osteoclastic cell membrane called the ruffled membrane. This forms a 
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sealing zone between the bone and the osteoclast into which degradation products are 

released [73].  

 

Figure 1.4: Schematic illustration of the different types of cells present in bone: 

osteoblasts, osteoclasts, osteocytes and bone lining cells [73]. 

1.5.2 Bone Modeling and Remodeling 

Throughout life, bone undergoes a highly dynamic and complex process involving two 

important mechanisms, bone modeling and remodeling. Bone modeling is crucial for 

growth and adaptation of the skeleton to mechanical forces and stresses. During bone 

modeling, bone formation and resorption occur independently at distinct anatomical sites 

[74, 75]. It is a process that takes place less often in adults than bone remodeling [76]. 

Bone remodeling is the process by which old and damaged bone is removed and repaired 

[77]; it plays an important role in maintaining bone strength and mineral homeostasis. 

This process undergoes four sequential steps in a well-organized cycle as indicated in 
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Figure 1.5: (1) Activation which initiates the recruitment and activation of mononuclear 

osteoclast precursors, (2) resorption through osteoclasts activation, (3) reversal in which 

resorption transits to formation and (4) formation of bone through osteoblast activation. 

The temporary anatomical structure, which results of the coordination between 

osteoclast, osteoblasts, osteocytes and bone lining cells, is called the basic multicellular unit 

(BMU) [74, 75].  

 

 

Figure 1.5: The bone remodeling process [78]. 

1.5.3 Cells for Bone Tissue Engineering 

The outcome of bone tissue engineering is influenced not only by the scaffolding but also 

by the type of cell selected for bone regeneration. The ideal cell source should be easily 

expandable to higher passages, non-immunogenic and have a protein expression pattern 

similar to the tissue to be regenerated. Use of autologous cells circumvents the risks of 

immunological incompatibility and transmission of infection. The stem cells located in the 

bone marrow, known as mesenchymal stem cells (MSCs), have been used in experimental 

BTE. Besides their differentiation potential, MSCs have other important properties and can 

be expanded extensively in vitro [79]. They are the body’s repair cells and express a variety 
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of growth factors. As well as bone-marrow derived MSCs, other osteogenic cells with 

potential application for bone include mesenchymal cells derived from the periosteum or 

adipose tissue, and fully differentiated osteoblasts [80]. Experimentally sourcing 

osteogenic cells from alveolar bone obtained during routine surgery offers two important 

advantages: first the cells are readily harvested by biopsy and second the procedure causes 

minimal damage at the donor site. 

1.6 NERVOUS SYSTEM 

The nervous system is divided into two parts, the central nervous system (CNS) which 

contains the brain, spinal cord, optic, olfactory and auditory systems and the peripheral 

nervous system (PNS) which is a collective term for the nervous system structures that do 

not lie within the CNS. 

1.6.1 Neural Cells 

Neurons are the basic structural and functional elements of the nervous system and consist 

of a cell body, termed soma, and its extensions, the axons and dendrites. Neurons send 

signals to other cells as electrochemical waves travelling along thin fibers called axons, 

which cause chemicals called neurotransmitters to be released at junctions called synapses 

(Figure 1.6). A cell that receives a synaptic signal may be excited, inhibited, or otherwise 

modulated. Sensory neurons are activated by physical stimuli impinging on them and send 

signals that inform the central nervous system of the state of the body and the external 

environment. Motor neurons situated either in the central nervous system or in peripheral 

ganglia connect the nervous system to muscles or other effector organs.  



18 

 

 

 

Central neurons, which in vertebrates greatly outnumber the other cell types, only connect 

to other neurons. Neurons can be distinguished from other cells in a number of ways; their 

communication with other cells via synapses is a fundamental feature, in addition to rapid 

transmission of electrical and chemical signals via membranes. Many types of neurons 

possess an axon, a protoplasmic protrusion that can extend to distant parts of the body and 

make thousands of synaptic contacts. In the body axons frequently travel in bundles called 

nerves. These nerves include sensory and motor neurons that transfer physical stimuli into 

neural signal and neural signal into activity respectively. The neurons receive their input 

from other neurons and give their output to other neurons.  

 

Figure 1.6: Schematic drawing of a neuron and its connection to a postsynaptic cell [81]. 

1.6.2 Response of PNS and CNS to Injury 

Traumatic injury, as well as degenerative diseases, can considerably alter the architecture 

and function of peripheral and central nerves. Though neurons and glia function similarly 

to propagate electrochemical signals in the PNS and CNS, these cells possess dramatically 

different regenerative responses after injury that depends on their environment. Though 
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CNS neurons were previously believed to be incapable of regeneration, it was shown that 

neuronal sprouting occurred from an injured spinal cord into a peripheral nerve graft, 

therefore indicating the role of environment in CNS regeneration [82]. Increasing evidence 

supports the observation that the regenerative ability of the nerve is highly influenced by 

permissive and non-permissive cues in the environment. The different abilities of the CNS 

and PNS to promote growth may be attributed to the following: 1) in the PNS, the role of 

Schwann cells in providing trophic factors; 2) in the CNS, the presence of myelin and 

myelin-associated inhibitors [83]; 3) the suppression of apoptotic pathways and activation 

of anti-apoptotic proteins [84]; and 4) the effect of the glial scar in spinal cord injury.  

 A myriad of neural cell-types, as well as cells of the inflammatory system, are involved in 

responses after PNS injury. Upon transection of a nerve, the distal portion of the nerve 

begins to degenerate due to protease activity and separation from the cell body or soma 

(Figure 1.7). The proximal portion may also undergo apoptosis, depending on the neuron’s 

age, type, and distance of axotomy from the proximal end [85]. Several hours after injury, 

growth-related molecules are upregulated, inducing axons and growth cones to sprout from 

the nodes of Ranvier and the soma. During this time, Schwann cells play a key role in 

regeneration by increasing their proliferation to form Bands of Bünger and by secreting 

neurotrophic and chemotactic factors that influence growing axons, adjacent Schwann 

cells, and macrophages. Schwann cells are also able to expedite the elimination of myelin, 

which inhibits axonal regrowth, by degrading their own myelin, phagocytosing 

extracellular myelin, and presenting myelin to macrophages. Two to three days after injury, 

macrophages infiltrate the site to clear it of cell debris and myelin, which may persist for 
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up to 2 weeks post-injury. While small nerve gaps can be repaired by the human body, the 

regeneration of large nerve defects (greater than 3 mm) is more difficult. Greater control 

over the direction of axon sprouting toward the distal nerve is desired since inappropriate 

reconnections lead to neuropathic pain. The direction and rate of axonal re-growth is 

affected by the presence of substrate or soluble cues that may be growth-permissive or 

repulsive. Effective spatiotemporal presentation of these cues may be used to better guide 

the growth cone.  

In addition to axonal re-growth, improving the myelination of the sprouted axons is also 

likely to improve functional recovery. This is a challenge since longer denervation of the 

remaining Schwann cells further reduces their capacity to support regeneration. Currently, 

there is no treatment that enables complete functional recovery after spinal cord injury, 

likely due to significant cell death and the presence of a growth inhibitory environment. 

The spinal cord is incapable of regeneration without intervention. Within thirty minutes of 

axotomy, the proximal and distal axons degenerate, reducing their length by hundreds of 

microns (Figure 1.8). Axons that are not damaged by the initial injury will also degenerate 

from secondary events. The loss of axonal contact causes oligodendrocytes to undergo 

apoptosis 4-8 days after injury. Surviving oligodendrocytes revert to quiescence and, unlike 

their Schwann cell counterpart, contribute little to clearing myelin and axonal debris. 

Myelin and myelin-associated components are inhibitors of axon growth in vitro. Due to 

the blood-spine barrier and limited access to the injury site, macrophages do not play an 

appreciable role in myelin clearance. Microglia, which play a role in CNS immune 

responses, increase proliferation 4-6 days post-injury but fail to develop into fully 
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phagocytic cells. Therefore, myelin can still be found several years after degeneration of 

the nerve.  

In addition to myelin, glial scarring at the lesion is another growth-inhibitory barrier that 

prevents regeneration. The main inhibitory component of glial scars is chondroitin sulfate 

proteoglycans, molecules that are secreted by reactive astrocytes and are characterized by 

a protein core to which highly sulfated glycosaminoglycans are attached. Chondroitin 

sulfate proteoglycan synthesis can be strongly increased and may be expressed as soon as 

24 hours post-injury. Therefore, most investigations into CNS nerve regeneration focus on 

increasing cell survival and creating a growth-permissive environment. In addition, 

increasing the axonal elongation rate, directing axonal sprouting, and improving the 

myelination of newly sprouted and surviving axons are also highly relevant goals for 

achieving functional recovery in CNS repair [86]. 
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Figure 1.7: Response after injury in the peripheral nervous system [86]. (a) A damage 

happens in a peripheral nerve leads to series of cellular responses which is generally called 

(Wallerian degeneration). Distal to the site of injury, axons start disconnecting from the 

cell bodies and degenerate, then the cellular debris is removed by invading macrophages. 

Schwann cells which formerly ensheathe the axons proliferate align to form longitudinal 

arrays increasing their production of neurotrophic factors that can enhance generation of 

axon. Surfaces of Schwann cells and their extracellular matrix also provide a favorable 

substratum for regenerating axons extension.  



23 

 

 

 

 

Figure 1.8: Response after injury in the central nervous system [86]. For the CNS, the 

myelin debris removal is relatively slow, also the myelin membranes produce inhibitory 

molecules that can block the growth of axon. At the site of injury, astrocytes also interfere 

with regeneration. At the proximal site of the injury, neuron bodies react to peripheral nerve 

injury by inducing growth- related genes expression that include those for major 

components of axonal growth cones. Following CNS injury, however neurons identically 

fail to activate these growth- associated genes.  

1.7 CELL RESPONSES TO ELECTRICAL STIMULATION  

In addition to piezoelectricity and streaming potentials in bone and other fibrous tissues, 

endogenous electric fields up to 500 mV/mm have been reported in many living tissue 

types [87]. The transport of ionic species and macromolecules related with endogenous 

electric fields play critical roles in embryonic development [88], wound healing [89], and 

neural regeneration [90]. There exists a difference in concentrations of intracellular and 
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extracellular ions, resulting in a transmembrane potential of 10 to 90 mV in different cell 

types. Shifts in transmembrane potential are known to change cellular proliferation and 

differentiation [91] and exciting the resting transmembrane potential of neurons can 

trigger self-propagation of action potentials along the axon [92]. 

This necessary role of electricity in living systems has created numerous studies to either 

mimic biological piezoelectricity and endogenous electric fields or manipulate 

transmembrane potentials by external electrical stimulation to promote cellular 

differentiation and growth. Neural regeneration investigation has focused on repairing 

injuries of peripheral nerves through improvement of neural differentiation and directional 

outgrowth of neurites. Direct electric fields as low as 70 mV/mm have been shown to 

encourage the outgrowth of the neurites of embryonic chick dorsal root ganglions (DRG) 

toward the stimulating cathode [93]. A direct electric field of 250 mV/mm or higher when 

applied on Xenopus neurons resulted in more neurite-bearing cells and longer neurites 

directed towards the cathode and contracted neurites on the anode side (Figure 1.9) [94]. 

Such promising findings are not just limited to neurons; a study on the effect of electrical 

stimulation on bone formation mentioned that implanting insulated batteries into the 

medullary canal of canine femora resulted in substantial formation of endosteum near the 

cathode in a 14–21day period [95], which is a significant result, since in bone resorption 

typically occurs on surface of endosteal whereas formation happens on surface of 

periosteal. Even in the absence of external electrical stimulation, implantation of poled 

sintered hydroxyapatite disks in canine compact bone resulted in the filling of a 0.2 mm 

gap between the negatively charged hydroxyapatite surface and the compact bone in 14 
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days, while no bone formation happened using the unpoled hydroxyapatite before day 28 

[96]. 

Electrical stimulation can be delivered through the substrate or the cell culture media. 

Electrical stimulation through media has a distinguished effect on Schwann cells: while 

DC electrical stimulation aligns the Schwann cells perpendicular to the direction of the 

electric field, AC electrical stimulation alters the cellular morphology from bipolar spindles 

to flat and spread with more processes [96].  

 

Figure 1.9: Direction and outgrowth of the neurites (labeled 1 and 2) of a bipolar neuron 

as a result of stimulation by a 500 mV/mm electric field. The black arrow shows the 

direction of the electric field. The neuron at the beginning of the electrical stimulation (A); 

after 2 h of exposure to the electric field, neurite 1 has noticeably grown towards the 

cathode (B); 4 h of stimulation in the same direction resulted in further extension of neurite 

1 as well as its branching, while neurite 2 has almost diminished (C); 2 h after changing 

the direction of the electric field, the tips of neurite 1 curved and neurite 2 grew towards 

the new cathode (D) [94]. 
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Alternating electric fields additionally have been shown to lead to morphological changes 

and increased number of processes in Schwann cells, but did not cause directional 

outgrowth [97]. Since endogenous electric fields and transmembrane potentials are direct 

rather than alternating, a lot of neural studies use direct electrical stimulation. On the 

contrary, the periodic nature of the stress that is applied to bone has inspired studies in bone 

repair to focus on alternating electric fields to promote osteoblast proliferation and activity. 

In order to avoid electrode implantation and consequently electrolytic byproducts, 

noninvasive stimulation for bone fracture healing drew great attention. Noninvasive bone 

growth stimulators are approved by the U.S. Food and Drug Administration (FDA) [98, 

99], and are recently marketed for healing fractures and nonunion. Present research 

techniques performed on osteogenic electrical stimulation varies from capacitively coupled 

stimulation [100, 101], to applying electromagnetic waves using Helmholtz [102, 103] and 

solenoid coils [104, 105]. Capacitively-coupled electrical stimulation has been proven to 

notably increase the proliferation [100] and matrix mineralization of osteoblast-like cells 

[101].  

The mechanisms through which electrical stimulation leads to cellular migration and 

changes proliferation and differentiation are not yet fully understood. It is expected that the 

effect of electric is either direct by intracellular components such as ions, growth factors 

and receptors, or indirect by agglomeration or conformational change of extracellular ions 

and proteins [94, 106]. Free calcium cations (Ca2+) are observed to be a major factor in 

both direct and indirect mechanisms of electrical stimulation. Electric fields cause 

redistribution of Ca2+ in the extracellular matrix or on the substrate [97]. In addition, 
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intracellular Ca2+ concentrations are also reported to increase due to electrical stimulation 

[107]. The effect of electrical stimulation on improved bone formation was initially based 

on the indirect-stimulation hypothesis; i.e., piezoelectric bone produced electric fields that 

aggregated charged ions and macromolecules in the bone interstitial fluid, that resulted in 

enhancement of osteoblast activity [108]. Now it is assumed that direct electric fields 

mobilize Ca2+ and Mg2+ towards the cathode or negatively charged surface and cause 

apatite formation, which can become a scaffold for bone formation by osteoblasts [96]. 

Figure 1.10 shows an adaptation of cellular galvanotaxis, or electrically-driven cell 

movement, as reviewed by Mycielska et al. [87]. Direct electric fields depolarize the 

cathodal side of the cell and hyperpolarize the anodal side. This causes the diffusion of 

extracellular Ca2+ through the anodal side into the cell. Increases in the Ca2+ may cause 

actin depolymerization and contraction on the anodal side, which drive the cell forward 

and thus makes the cathodal side of the cell protrude [87]. This could describe the 

phenomenon observed by Patel and Poo [94] as illustrated in Figure 1.9, e.g., the outgrowth 

of the neurites on the cathodal side of the cell and the diminishing of the neurites on the 

anodal side. Patel and Poo additionally mentioned that neither blocking Na+ channels nor 

nullifying intercellular Ca2+ gradient stopped directional neurite outgrowth in cells exposed 

to direct electric fields [94]. However, there was a larger distribution of concanavalin A 

receptors on the cathodal side of the cell than on the anodal side, which caused the authors 

to conclude that the effect of electrical stimulation on the neurons directional growth could 

be resulted by preferential migration of membrane receptors [94]. Schmidt et al. showed 

that electrical stimulation could be caused in more favorable conformational changes in 
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fibronectin, which enhance the adsorption of more proteins onto the biomaterial [109]. 

Since some extracellular matrix proteins play crucial roles in cellular attachment, more 

adhered proteins on the surface of biomaterials could promote cells adhesion and 

outgrowth. 

 

Figure 1.10: A cell with insignificant voltage-gated Ca2+ channels at resting 

transmembrane potential (a); application of an electric field causing direct effects: the field 

redistributes the intracellular charges resulting in the depolarization and hyperpolarization 

of the cathodal and anodal sides of the cell, respectively. Extracellular Ca2+ is consequently 

diffused through the anodal side (b). The increase in the intracellular Ca2+ on the anodal 

side depolymerizes actin. The result is the contraction of the anodal side and protrusion of 

the cathodal side (c) [87]. 
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CHAPTER 2: THE EFFECT OF OSCILLATING ELECTRIC FIELDS ON CELLS 

2.1 INTRODUCTION 

The ability of biomaterials to support cell adhesion is necessary for their use in tissue 

regeneration and tissue engineering, particularly for adherent cell types. Typically, the 

materials should not be merely tolerated passively by the cells; rather, the materials should 

actively provide an appropriate environment to facilitate cellular contacts and signaling, 

allowing the cells to perform their role effectively [1]. Poly (vinylidene fluoride) (PVDF) 

is used in a variety of disciplines ranging from aerospace and medical applications to 

common household applications. This polymer as indicated before, can be manufactured 

in four different crystalline phases, known as α, β, γ, and δ depending on the processing 

conditions. The all-trans planar zig-zag conformation, TTT, confers to the β-phase the 

highest resulting permanent dipole and consequently the best electroactive properties. 

These properties can be found in the γ- and δ -phases too, but to a lesser extent [2]. To 

enhance polymer piezoelectric response, an electric poling procedure is applied to the 

polymer that induces the dipole alignment in the direction of the applied electric field [3]. 

The α-PVDF crystallizes in a trans-gauche (TGTG') conformation, which causes the 

consecutive permanent dipoles of the monomer to orient in opposite directions, resulting 

in non-polar crystals [4]. Figure 2.1 illustrates how the electroactive polymers respond to 

electrical stimulation. 
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Figure 2.1: Response of electroactive polymers to electrical stimulation. 

The electrical charge on a piezoelectric substrate may be an important cue for the cells. 

Numerous studies have demonstrated that electrically charged surfaces can influence 

different aspects of cell behavior such as growth, adhesion, or morphology of different cell 

types, like osteoblast, nervous, and muscular cells [5, 6, 7], but there are no studies 
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exploring the fact that these tissues are interconnected. Nerves innervate both bone and 

muscles. Further, it has been shown that when a limb is denervated, fracture repair is 

adversely impacted [8]. Additionally, fractures heal more slowly when soft tissues such as 

muscle are injured [9]. This seemingly symbiotic relationship between bone, nerves, and 

muscles form the basis of the hypothesis for this chapter. The central hypothesis of the 

present chapter was that frequencies that promoted the growth of neural cells would also 

promote the growth of bone and muscle cells. Since bone is itself piezoelectric, it follows 

that bone cells would respond to piezoelectric substrates. This chapter further hypothesized 

that by varying vibration frequencies in piezoelectric substrates, attached neuronal cells 

would respond with varying onsets of growth. Muscle progenitors reside within bone, 

while nerves come into direct contact with bone, thus it also follows that the piezoelectric 

properties of bone also affect muscle and nerve cells.  

In order to isolate the effect of oscillating electric fields on cell response, piezoelectric 

substrates were seeded with cells and vibrated at different frequencies. Poled and unpoled 

PVDF films were seeded with mouse preosteoblasts, hMSCs, and rat neurons, then vibrated 

at 20, 60, and 100 Hz. Cell proliferation was assessed with MTS assays. Bone formation 

was assessed with Alizarin Red staining, and nerve cells were evaluated with neurite 

imaging, see Figure 2.2. 
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Figure 2.2: Schematic of the chapter experiments. 
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2.2 MATERIALS AND METHODS 

2.2.1 Tissue Culture 

Human mesenchymal stem cells (hMSCs isolated from normal adult human bone marrow 

and reported to differentiate down many different lineages including chondrogenic, 

osteogenic, adipogenic and neural [10] and MC3T3-E1 pre-osteoblasts (an established 

mouse (Mus musculus) calvaria preosteoblast cell line, commonly used for studies 

concerning bone differentiation and development) were obtained from American Type 

Culture Collection (ATCC, Manassas, VA). hMSCs and MC3T3-E1 were cultured in 

Minimum Essential Medium (MEM alpha nucleosides) (was obtained from Thermofisher 

Scientific company) with 15% Fetal Bovine Serum (FBS) and 1% Penicillin/Streptomycin 

(P/S) (were obtained from Sigma Aldrich company) (growth media), at 37ºC in humidified 

air containing 5% CO2. The media was changed three times a week. 

RN33B (a neuronal cell line derived from medullary raphe cells that retain many properties 

of mature CNS neurons) spindle-shaped cells were also obtained from ATCC and cultured 

in Dulbecco’s Modified Eagle’s Medium (DMEM)/Nutrient Mixture F-12 Ham (obtained 

from Sigma Aldrich) with 10% Fetal Bovine Serum (FBS) and 1% Penicillin/Streptomycin 

(P/S), at 33ºC in 95% humidified air containing 5% CO. The medium was changed three 

times a week. For RN33B cells to be differentiated into neurite-shaped, a 175 cm2 tissue 

culture flask of 75% confluent cells were incubated at 37ºC in humidified air containing 

5% CO2. The cells require about 2 weeks in these conditions to be differentiated (Figure 

2.3).   

 



40 

 

 

 

 

Figure 2.3: A, B Undifferentiated RN33B cells. C, D: Differentiated RN33B cells. 20x 

magnification [11]. 

Undifferentiated RN33B cells will remain undifferentiated at 33ºC and these cells have a 

spindle-shaped morphology. Warming RB33B cells to 37ºC induces their differentiation, 

when they develop a neurite-shaped morphology.  
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2.2.2 Poly (vinylidene fluoride) PVDF Film Preparation  

PVDF films (unpoled and poled) were obtained from Goodfellow company with a 

thickness of 0.03-0.05 mm and cut into small square sheets (1 cm x 1 cm) then sterilized 

by immersing 3 times in fresh 70% ethanol for 30 min. Afterwards, the samples were 

washed 5 times for 5 min in sterile phosphate- buffered saline (PBS) to eliminate any 

residual ethanol. Finally, the samples were exposed to (UV) light for 2 hrs. (1 hr. each 

side). The film samples were glued to 6-well tissue culture polystyrene plate (TPCS) by 

using liquid tissue adhesion glue, Vetbond (Figure 2.4).  

 

   

Figure 2.4: PVDF film glued onto the tissue culture polystyrene (TCPS) of a 6-well plate. 

hMSCs, MC3T3-E1, and RN33B (spindle, or undifferentiated, and neurite-shaped, or 

differentiated) cells were seeded directly onto well plates, or onto poled or unpoled PVDF 

films at seeding densities of 2x103 cells/cm2, 25x103 cells/cm2 and 1x10 4 cells/cm2 for 

each cell type respectively, then incubated for 24-36 hrs.  

 

 

 

Vetbond 

PVDF film 

Well culture plate 
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2.2.3 Stimulation Protocol  

First, the six well culture plates were wrapped in sterile parafilm. Next, wells were clamped 

between custom made clamps that were mounted into a material testing device capable of 

applying tensile loading or vibration (Bose Electroforce 3100, shown in Figure 2.5). Then 

the well plates were subjected to vibration for 24 hrs. starting on the second day after 

seeding. Three vibration frequencies (20, 60, 100) Hz at a fixed vibration acceleration of 

approximately 0.3 g were used in the stimulation protocol. This corresponded to peak-to-

peak amplitudes of 0.37, 0.04, and 0.014 mm, respectively. 

 

Figure 2.5: Set-up of the Electro Force Instrument (Bose-3100) used in the stimulation 

protocol. Well plates are stacked, wrapped with parafilm to prevent infection. 



43 

 

 

 

2.2.4 Alizarin Red Staining  

To determine whether hMSCs and MC3T3-E1 cells differentiate into osteoblasts due to the 

electrical stimulation, an Alizarin red staining (ARS) assay was used. Alizarin red is an 

anthraquinone dye (obtained from Sigma Aldrich company) and has been widely used to 

evaluate calcium deposits in cell culture. The ARS staining is quite versatile because the 

dye can be extracted from the stained monolayer of cells and readily assayed. Since cells 

that have differentiated into osteoblasts form calcium deposits as a precursor to bone, 

positive Alizarin red staining is a marker of osteogenic differentiation. Following vibration, 

cells were returned to incubators. The cells were evaluated at Week 1, Week 2 and Week 

3 after vibration. hMSC or MC3T3-E1 monolayers in 6-well plates (9 cm2/well) were 

washed with 1.0 mL PBS and fixed in 10% (v/v) formalin (obtained from Sigma Aldrich) 

at room temperature for 15 min. The monolayers were then washed twice with excess dH2O 

prior to the addition of 1 mL of 40 mM ARS (pH 4.2) per well. The plates were incubated 

at room temperature for 20 min with gentle shaking. After aspiration of the unincorporated 

dye, the wells were washed four times with 1 mL dH2O for 5 min each time. The plates 

were then left at an angle for 2 min to facilitate removal of excess water. Stained 

monolayers were visualized by phase microscopy. The cells were fixed for staining at time 

points: Week 1, Week 2, and Week 3. 

2.2.5 MTS Assays  

To determine the effect of the electrical stimulation on the proliferation of hMSCs and 

MC3T3-E1 cells, these cells were seeded in 6-well culture plates with PVDF films and 

subjected to vibration for 24 hours. Following vibration, cells were returned to incubators. 
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The cells were evaluated at Week 1, Week 2 and Week 3 after vibration. MTS (3-(4,5-

dymethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2(4-sulfopheny)-2Htetrazolium) 

assay (CellTiter 96TM Aqueous One Solution Cell Proliferation Assay, Promega) was 

carried out in order to quantify cell proliferation. Assays are performed by adding CellTiter 

96 ® Aqueous One Solution Reagent (1:5 v/v) directly to well cultures, incubating for 1–

4 hours and then recording the absorbance at 492 nm with a 96-well plate reader (DTX 880 

Multimode Detector). 

2.2.6 Neurite Imaging  

Neurons (RN33B rat neurons) were vibrated as described for hMSCs and MC3T3-E1 cells, 

but these were also maintained at 33ºC or 37ºC to promote undifferentiated and 

differentiated states, respectively. When undifferentiated, the cells are spindle-shaped, 

while differentiated RN33B cells are neurite-shaped. Temperatures were achieved with 2 

heat lamps directed at the Electroforce instrument, an overview of the experimental set-up 

is indicated in Figure 2.6. A uniform temperature at the location of the well plates was 

confirmed with thermometers. After a week of vibration, RN33B cells (spindle-shaped and 

neurite-shaped) were imaged on tissue culture polystyrene (TCPS) or on PVDF films 

(poled and unpoled), using a phase contrast microscopy. Cells were evaluated for potential 

neurite formation.  
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Figure 2.6: Set-up of the Electro Force Instrument (Bose-3100) used in the stimulation 

protocol for RN33B cells. Well plates are stacked, wrapped with parafilm to prevent 

infection, and the neurons were maintained at (33 and 37) ºC due to their sensitivity to 

temperature. 

NIH ImageJ was used to measure average neurite length. Figure 2.7.  
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Figure 2.7: RN33B neurites with their extensions traced in NIH ImageJ. 

2.2.7 Statistical Analysis 

Cellular metabolic activity and neurite extension were compared between the different 

vibration frequencies using an analysis of variance (ANOVA). p-Values less than 0.05 

were considered significant. Pairwise comparison between groups was performed after 

ANOVA using the least significant difference (LSD) method. All analyses were conducted 

using Microsoft Excel. Statistical significance is denoted in the figures, which are reported 

as mean ± standard deviation. 

2.3 RESULTS 

2.3.1 Alizarin Red Staining of hMSCs and MC3T3-E1 Cells  

Images of ARS stained hMSCs and MC3T3-E1 cells seeded with PVDF membranes in 6-

well plates at Week 1, Week 2 and Week 3 are presented in Figures (2.8-2.13). The images 

of cells seeded on unpoled PVDF show a less mineralization than images of cells seeded 

on poled PVDF. Both unpoled and poled PVDF induced and higher mineralization levels 

than TCPS images, which were negative for Alizarin red stain. 
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Figure 2.8: Alizarin red staining to assay bone formation of hMSCs seeded on TCPS in 6- 

well plates and subjected to vibration for 24 hours. The cells were stained at Week 1, Week 

2 and Week 3 after vibration. The absence of red stain indicates that this is a negative result. 

Dense clusters are likely excess extracellular matrix. 
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Week 2 resulted in a greater mineralization staining than both Week 1 and Week 3 for all 

vibration frequencies. All cells seeded on PVDF and subjected to vibration exhibited 

enhanced mineralization. Vibrated hMSCs seeded on TCPS did not form mineralization, 

while vibration promoted mineralization in all MC3T3-E1 cells, regardless of substrate. 

 

Figure 2.9: Alizarin Red Staining to assay bone formation of hMSCs seeded on unpoled 

PVDF films in 6-well plates and subjected to vibration for 24 hours. The cells were stained 

at Week 1, Week 2 and Week 3 after vibration. Red staining indicates positive Alizarin red 

result. 
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Figure 2.10: Alizarin Red Staining to assay bone formation of hMSCs seeded on poled 

PVDF films in 6- well plates and subjected to vibration for 24 hours. The cells were stained 

at Week 1, Week 2, and Week 3 after vibration. Red staining indicates positive Alizarin 

red result. Weeks 2 and 3 at 100 Hz showed marked change in morphology very similar to 

neuronal cells. 
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Figure 2.11: Alizarin Red Staining to assay bone formation of MC3T3-E1 osteoblasts 

seeded on TCPS in 6- well plates and subjected to vibration for 24 hours. The cells were 

stained at Week 1, Week 2, and Week 3 after vibration. Red staining indicates positive 

Alizarin red result. 
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Figure 2.12: Alizarin Red Staining to assay bone formation of MC3T3-E1 osteoblasts 

seeded on unpoled PVDF films in 6-well plates and subjected to vibration for 24 hours. 

The cells were stained at Week 1, Week 2, and Week 3 after vibration. Red staining 

indicates positive Alizarin red result. 
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Figure 2.13: Alizarin Red Staining to assay bone formation of MC3T3-E1 osteoblasts 

seeded on poled PVDF films in 6-well plates and subjected to vibration for 24 hours. The 

cells were stained at Week 1, and Week 2 after vibration. Red staining indicates positive 

2.3.2 MTS Assays of hMSCs and MC3T3-E1 Cells  

hMSCs and MC3T3-E1 cells when seeded on PVDF membranes, attached a few hours 

afterwards and proliferated very rapidly, completely covering the PVDF surface within one 

week of culture. When qualitatively evaluated under an optical microscope, the 

proliferation rate of both cell types appeared unaffected by substrate, whether TCPS or 

PVDF membrane. The reduction of the MTS tetrazolium compound by viable cells 

produces a colored dye is a measure of cell metabolic activity that can be quantified to 
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assess cell proliferation, cell viability, and cytotoxicity. Cell proliferation was quantified 

using MTS assays and is reported for hMSCs and MC3T3-E1 cells seeded on TCPS, and 

non-piezoelectric and piezoelectric PVDF films at Week 1, Week 2, and Week 3 after 

vibration (Figures 2.14 and 2.15 respectively). 

 

Figure 2.14: Cell proliferation of hMSCs seeded on tissue culture polystyrene (non-

vibrated—yellow or vibrated—grey), non-piezoelectric, and piezoelectric PVDF films at 

Week 1, Week 2, and Week 3 after vibration. Asterisks show statistically significant 

differences (p < 0.05) compared to all other groups. For non-vibrated cells, TCPS at week 

1 had statistically greater metabolic activity than all other groups. For vibrated cells, 

piezoelectric PVDF films show statistically significant increases in metabolic activity (p < 

0.05) compared to all other groups on corresponding days. Error bars show standard 

deviation. 
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Figure 2.15: Cell proliferation of MC3T3-E1 seeded on tissue culture plastic (non-

vibrated—yellow or vibrated—grey), non-piezoelectric, and piezoelectric PVDF films at 

Week 1, Week 2, Week 3 after vibration. Piezoelectric PVDF films show statistically 

significant increases (p <0.05) over all groups at all timepoints. Asterisks indicate statistical 

significance. Error bars show standard deviation. 

Figure 2.14 shows that for the vibration frequencies 20 and 60 Hz, the highest number of 

viable hMSCs were seeded on poled PVDF films at Week 2 and Week 3 (p < 0.05). At 100 

Hz, the number of viable cells initially decreased at Week 2 and slightly started to increase 
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at Week 3. Figure 2.15 shows that the highest number of viable MC3T3-E1 cells is obtained 

when seeded on poled PVDF films at all frequencies of vibration.  

2.3.3 Neurite Imaging  

When comparing images of neurites in Figure 2.16, which shows undifferentiated RN33B 

(spindle-shaped cells) in three different conditions: cells that are 1) vibrated on TCPS; 2) 

vibrated on unpoled PVDF films; or 3) vibrated on poled PVDF films; differences can be 

observed between the cells without and with electrical stimulation. This indicates that 

differentiation was induced in these neural cells without raising the temperature of the cells. 

This is important because increased temperature is a necessary condition of differentiation 

in these cells. The figure shows that there is a change in cell morphology with some 

dendrites growing in vibrated cells. 
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 Figure 2.16: Undifferentiated RN33B cells that were vibrated on TCPS, vibrated on 

unpoled PVDF films or vibrated on poled PVDF films. 20x magnification. Evidence of 

neurite formation was strongest in cells vibrated on poled PVDF films. 

Figure 2.17 shows differentiated RN33B (neurite-shaped) cells in three different 

conditions, vibrated cells on TCPS, and cells when seeded on (unpoled and poled) PVDF 

films and subjected to vibration. These images demonstrate that neurite growth is enhanced 

by electrical stimulation and piezoelectric stimulation.  
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Figure 2.17: Differentiated RN33B cells that were vibrated on TCPS, vibrated on unpoled 

PVDF films, or vibrated on poled PVDF films. 20x magnification. Evidence of neurite 

formation was apparent in cells vibrated on TCPS, unpoled or poled PVDF.  

Figures 2.18 and 2.19 the neurite extension of the same undifferentiated and differentiated 

RN33B cells when seeded on TCPS, unpoled or poled PVDF films respectively. Although 

these results did not show statistically significant differences, certain trends were observed. 
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For undifferentiated cells, vibration and not piezoelectricity resulted in the highest neurite 

length. Cells seeded on TCPS had the highest neurite extension (223 ± 118 µm) at 20 Hz.  

 

Figure 2.18: Undifferentiated RN33B neurite extension when seeding on TCPS, unpoled 

or poled PVDF films. Error bars show standard deviation. 

For differentiated cells, vibration also resulted in the highest neurite length, but only when 

cells were seeded on unpoled PVDF, not TCPS.  When seeded on unpoled films, the 

highest neurite extension occurred at 100 Hz (176 ± 78 µm). 
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Figure 2.19: Differentiated RN33B neurite extension when seeded on TCPS, unpoled or 

poled PVDF films. Error bars show standard deviation. 

2.4 DISCUSSION 

2.4.1 The Effect of Mechanical Vibration on Cell Fate  

As shown in the images, mechanical vibration significantly enhanced osteogenesis for 

hMSCs seeded on poled or unpoled PVDF membranes.  Vibration on any substrate 

enhanced MC3T3-E1 mineralization. This suggests that vibration alone is sufficient to 

direct MC3T3-E1 cells to fully differentiate, but not sufficient for hMSCs, which are less 

differentiated than MC3T3-E1 pre-osteoblasts. Vibration in addition to PVDF was 

sufficient to differentiate hMSCs, regardless of poling state, which suggests that vibration 

plus a charged substrate are necessary to differentiate the hMSCs. Sate N. et al. reported 

similar findings, which suggested that an applied vibration induced cytomorphological 

changes of bone cells [12]. These changes in cellular structures are considered essential 
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events for bone cells detecting and transducing the external mechanical signals, and thus 

regulating the biological behavior of bone cells (e.g., adhesion, proliferation and 

differentiation) [13, 14]. 

2.4.2 The Effect of Polarization State on Cell Fate  

Comparing the images in Figures 2.8-2.13, it is apparent that the piezoelectric PVDF films 

display increased red staining at earlier time points, indicating increased osteogenic activity 

in hMSCs and MC3T3-E1 cells. Previous in vivo and in vitro studies have indicated that 

poled and piezoelectric biomaterials containing piezoelectric films are biocompatible and 

promote bone formation around implants. Therefore, the development of biocompatible 

materials that mimic bone and its behavior could represent a powerful therapeutic tool [15, 

16, 17]. The surface polarization state has been shown to influence cell adhesion, 

proliferation and differentiation. Many tissues are subjected to varying mechanical loads 

and those with piezoelectric properties result in charges that can stimulate a cell response, 

hence the use of polymer-based electroactive materials capable of mimicking mechanical 

and electrical biological cues has emerged as a novel approach for tissue engineering 

applications. For orthopedics in particular, the correct microenvironment is crucial for 

prosthesis osseointegration. In addition, bone exhibits piezoelectric properties, and it has 

been suggested that piezoelectric and streaming electrical potentials in bone may act as 

signals in mechanotransduction [18]. In addition, a recent study demonstrated that the 

surface charge of the poled PVDF films (positive or negative) influenced the 

hydrophobicity of the samples, leading to variations in the conformation of adsorbed 

extracellular matrix proteins, which ultimately modulated the stem cell adhesion on the 
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films and induced their osteogenic differentiation, a phenomenon that can also happen with 

some other cells, like pre-osteoblasts [19]. 

2.4.3 The Effect of Mechanical Vibration on Cell Proliferation   

Figures 2.14 and 2.15 show that the mechanical stimulation reduced cell proliferation of 

both hMSCs and MC3T3-E1 cells when they were seeded on unpoled PVDF membranes. 

These results confirm the well-established fact that cell-cycle progression and 

differentiation are two mutually exclusive processes [20] and that increases in cell 

differentiation is generally accompanied by a parallel reduction in cell growth [21]. The 

arrest of cell growth in those two types of cells (as confirmed by MTS assay) when 

stimulated by mechanical vibration, combined with the positive Alizarin stain results is 

further evidence that this stimulus was triggering osteogenic differentiation of hMSCs and 

MC3T3-E1 cells. In addition, it has been demonstrated that cell differentiation causes cells 

to switch off genes required for proliferation [22]. Thus, it is possible that the results 

presented here show that when the cells start to differentiate under vibration, they switch 

off somatic genes associated with division. 

Li et al. subjected hMSCs to oscillatory fluid flow and showed an increase in intracellular 

calcium mobilization as well as cell proliferation [23], while another study by Riddle et al. 

illustrated that fluid shear stresses enhanced hMSC proliferation in part due to calcium 

signaling. Ghazanfari et al. [24] demonstrated cyclic tensile strain can also increase MSC 

proliferation.  In contrast, there are many conflicting studies that have mentioned that the 

mechanical stimulation has no effect on cell proliferation [25, 26, 27] or decreasing cell 

proliferation [28, 29, 30]. These mixed findings of mechanical stimulation’s effect on cell 
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proliferation can most likely be explained by the diversity of conditions of each study 

design, including different cell types, culture conditions, and vibration protocols. 

2.4.4 The Effect of Polarization State on Cell Proliferation   

Figures 2.14 and 2.15 show that cell proliferation on poled PVDF films was higher than 

the cell proliferation on unpoled PVDF samples, suggesting that cell proliferation was 

improved due to the piezoelectric effect.  

Previous investigations have demonstrated the influence of polarization of electroactive 

PVDF on biological responses of different cell types. Ashutosh K. D. et al. demonstrated 

that the application of an electric field enhanced cell proliferation and cell spreading on 

biomaterial surfaces when they remained within a narrow window of voltage/frequency of 

electrical stimulation [31]. In another study, C. Ribeiro et al. showed that MC3T3-E1 

osteoblasts exhibited higher adhesion and proliferation in the presence of poled β-PVDF 

films and showed an increase in cell proliferation under dynamic conditions [32, 33]. 

Cell proliferation and cell growth are both cell fate processes, dependent on protein and 

DNA synthesis within the cell. It has been shown by Bourguignon et al. that protein and 

DNA synthesis are enhanced in the presence of an optimized electric field [34]. It is 

possible that the enhancement of protein and DNA synthesis is due to the effect of electric 

fields on the internal function of the cell. In a recent study by Schminnelpfeng et al., it was 

shown that low frequency electrical stimulation enhanced the cellular proliferation via 

secondary messenger dependent processes [35]. As far as the molecular mechanism of cell 

proliferation is concerned, an electrical signal is expected to activate extracellular signaling 

molecules during field application of 5 to 10 min after the first incubation stage. The 
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extracellular signaling molecules can be bound to cell surface receptor proteins and signals 

can be further transferred via molecular switch mechanisms to intracellular signaling 

proteins [36]. In a cell specific manner, the intracellular signaling pathway enables the 

electric field-induced signals to reach the target proteins. 

2.4.5 The Effect of Mechanical Vibration on Neurite Growth    

First, it is necessary to note the effect of mechanical vibration alone as a factor in neurite 

growth, as shown in Figures 2.16 and 2.17, which show vibrated cells seeded on TCPS and 

unpoled PVDF films. In each of these cases, the vibration increased neurite growth. Few 

studies have investigated effect of vibration on neural cells in culture, in addition, a detailed 

mechanism of the response to vibration stimulation has not yet been described; however, 

one study in the field of nano-vibration, showed significant vibratory enhancement of 

neurite growth after several days at 10 kHz, and indicated that enzymes could be activated 

by this stimulation [37]. These results suggest that the oscillation of membrane proteins or 

the cell membrane itself could be a biological signaling factor. Further, as was described 

in the Background section, certain studies have postulated that the cell membrane acts as a 

piezoelectric body, and it is possible that the vibration induced an “auto-piezoelectric” 

effect on the cells. Additionally, several studies have shown that mechanical force activates 

signaling pathways and regulates cell function, leading to morphological changes or cell–

cell/cell–matrix interactions [38]. 

2.4.6 The Effect of Poling State on Neurite Growth    

Figures 2.16 and 2.17 show images of vibrated cells that are seeded on poled PVDF films. 

In these images, it can be seen that piezoelectric stimulation enhanced neurite growth and 
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increased neurite alignment. This result is supported by the literature. Udina E. et al. 

showed that outgrowth from both dorsal root ganglion cells (DRGs) in vitro and spinal 

sensory nerves in vivo was enhanced by electrical stimulation on PVDF films vibrated at 

20 Hz due to release of cyclic adenosine monophosphate (cAMP) [39]. Cyclic AMP is a 

second messenger used for intracellular signal transduction, such as transferring into cells 

the effects of hormones that cannot pass through the plasma membrane. In addition, cAMP 

binds to and regulates the function of ion channels such as the HCN channels and several 

other cyclic nucleotide-binding proteins [39]. 

Another potential main player in the enhanced neurite formation is calcium. Direct 

evidence that voltage-gated Ca2+ channels play a major role in electric field galvanotropism 

(0.1-1.0 mV/µm uniform DC electric fields) was shown in mouse neuroblastoma cells, 

whose neurite extension and growth cone elongation toward the cathode correlated directly 

with cathode-directed elevation in [Ca]i and depolarization [40, 41]. Many studies have 

demonstrated how electric fields, both endogenous and exogenous, can affect neuronal 

morphology and growth [42, 43]. The results in this study suggest that this may have been 

a factor; the neuronal-like cells that resulted from the hMSCs vibrated at 100 Hz showed 

extensive Alizarin red staining, which is a calcium stain. 
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2.5 CONCLUSIONS 

The aim of this chapter was to investigate the effect of oscillating electric fields on a variety 

of mesenchymal tissues- hMSCs, bone, and nerve cells by seeding them on poled and 

unpoled PVDF membranes and vibrating them at 20, 60, and 100 Hz. The results of this 

study indicated significant increases in osteogenic activity for both of the former cell types 

under the effect of mechanical vibration and piezoelectricity. MTS assays of hMSCs and 

MC3T3-E1 cells verified that proliferation of both cell types was enhanced due to the 

piezoelectric effect of poled PVDF films and reduced in response to mechanical 

stimulation. Neurite imaging of undifferentiated and differentiated RN33B cells illustrated 

increases in neurite growth under the effect of both mechanical and electrical stimulation. 

This study better defines some of the stimulation parameters optimal for neural and 

osteogenic differentiation and has already resulted in unexpected and new findings not yet 

reported in the literature, such as the morphological changes observed in mesenchymal 

stem cells stimulated at 100 Hz towards a neuronal like morphology. 
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CHAPTER 3: THE EFFECT OF STATIONARY ELECTRIC FIELDS ON CELLS 

3.1 INTRODUCTION 

Polarized, static piezoelectric PVDF films produce a stationary electric field at their 

surfaces; however, when these films are placed in cell culture media, it is expected that free 

ions within the media will attach to the oppositely charged surfaces of the piezoelectric 

PVDF films. It is also expected that although the stationary charge is cancelled out by these 

cell media ions, oscillating fields are not cancelled by vibratory motion. Previous studies 

have demonstrated that piezoelectric PVDF provides bioactive electrically charged 

surfaces for a variety of applications. Schneider GB et al. showed that surface charge is a 

critical factor for osteoblast attachment and spreading [1]. In addition, neurite lengthening 

and branching are promoted in neuronal cells cultured in piezoelectric PVDF substrates 

[2]. These studies open the door for the use of biomaterials with piezoelectric properties in 

different medical applications. 

Mouse preosteoblasts, hMSCs, and rat neurons were seeded on tissue culture polystyrene 

(TCPS) and three kinds of PVDF film surfaces: 1) unpoled films with no surface charge; 

2) poled films with cells cultured on the positively charged side of the sample; and 3) poled 

films with cells cultured on the negatively charged side of the sample. The same methods 

described in Chapter 2 were employed to observe how the stationary electric field affects 

cell differentiation and growth, see Figure 3.1. 
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Figure 3.1: Schematic of the experimental design of this chapter. 

3.2 MATERIALS AND METHODS 

3.2.1 Tissue Culture    

Human mesenchymal stem cells (hMSCs isolated from normal adult human bone marrow 

and reported to differentiate down many different lineages including chondrogenic, 

osteogenic, adipogenic and neural [3] were obtained from the Texas A&M Health Science 

Center College of Medicine Institute for Regenerative Medicine at Scott & White. MC3T3-
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E1 pre-osteoblasts (a cell line of mouse (Mus musculus) calvaria preosteoblast cells, 

commonly used for studies concerning bone differentiation and development) were 

obtained from ATCC. hMSCs and MC3T3-E1 cells were cultured in Minimum Essential 

Medium (MEM alpha nucleosides) (was obtained from Thermofisher Scientific company) 

with 15% Fetal Bovine Serum (FBS) and 1% Penicillin/Streptomycin (P/S) (were obtained 

from Sigma Aldrich company) (growth media), at 37ºC in humidified air containing 5% 

CO2. The media was changed three times a week. 

RN33B (a neuronal cell line derived from medullary raphe cells that retain many 

properties of mature CNS neurons) spindle-shaped cells were obtained from ATCC and 

cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)/Nutrient Mixture F-12 Ham 

with 10% Fetal Bovine Serum (FBS) and 1% Penicillin/Streptomycin (P/S), at 33ºC in 95% 

humidified air containing 5% CO. The medium was changed three times a week. To 

differentiate RN33B cells towards into neurite-shaped cells, 175 cm2 tissue culture flasks 

of 75% confluent cells were incubated at 37ºC in humidified air containing 5% CO2. The 

cells required about 2 weeks to differentiate. 

3.2.2 Poly (vinylidene fluoride) PVDF Film Preparation  

PVDF films (obtained from Kureha Corporation) were prepared identically to those 

described in Chapter 2 with the modification that these films were not vibrated. PVDF 

films (unpoled and poled) with a thickness of 0.03-0.04 mm were obtained from Kureha 

Corporation with the positive and negative surfaces marked. The films were cut into small 

square sheets (1 cm x 1 cm) and sterilized by immersing 3 times in fresh 70% ethanol for 

30 min. Then, the samples were washed 5 times for 5 min in sterile PBS to eliminate any 
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residual ethanol. Finally, the samples were exposed to UV light for 2 hrs (1 hr. each side). 

The film samples were glued to 6-well tissue culture polystyrene plate (TPCS) by using 

liquid tissue adhesion glue, Vetbond, as described in Chapter 2 (Figure 2.4).   

hMSCs, MC3T3-E1, and RN33B (spindle and neurite-shaped) cells were seeded directly 

onto well plates, unpoled PVDF films, or onto either the positive or negative surface of 

poled PVDF films. The cells were seeded at densities of 2x103 cells/cm2, 25x103 cells/cm2 

and 1x10 4  cells/cm2 for each cell type respectively, then incubated for three weeks. 

3.2.3 Alizarin Red Staining of hMSCs and MC3T3-E1 Cells  

To determine whether hMSCs and MC3T3-E1 cells differentiate into osteoblasts due to the 

surface charge of the substrate, an Alizarin red staining (ARS) assay was used. Alizarin 

red is an anthraquinone dye (obtained from Sigma Aldrich company) and has been widely 

used to evaluate calcium deposits in cell culture. The ARS staining is quite versatile 

because the dye can be extracted from the stained monolayer of cells and readily assayed. 

Since cells that have differentiated into osteoblasts form calcium deposits as a precursor to 

bone, positive Alizarin staining is a marker of osteogenic differentiation. Monolayers in 6-

well plates (9 cm2/well) were washed with 1.0 mL PBS and fixed in 10% (v/v) formalin 

(obtained from Sigma Aldrich company) at room temperature for 15 min. The monolayers 

were then washed twice with excess dH2O prior to the addition of 1 mL of 40 mM ARS 

(pH 4.2) per well. The plates were incubated at room temperature for 20 min with gentle 

shaking. After aspiration of the unincorporated dye, the wells were washed four times with 

1 mL dH2O for 5 min each time. The plates were then left at an angle for 2 min to facilitate 

removal of excess water. Stained monolayers were visualized by phase contrast 
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microscopy. The cells were fixed for staining at time points: Week 1, Week 2, and Week 

3. 

3.2.4 MTS Assay of hMSCs and MC3T3-E1 Cells  

To evaluate the effect of surface charge on hMSCs and MC3T3-E1 cell proliferation, the 

cells were seeded in 6-well culture plates as described in Section and incubated for three 

weeks. The cells were evaluated at Week 1, Week 2 and Week 3. MTS (3 - (4, 5- 

dymethylthiazol- 2- yl)- 5- (3- carboxymethoxyphenyl)- 2 (4- sulfopheny)- 2H tetrazolium) 

assay (CellTiter 96TM Aqueous One Solution Cell Proliferation Assay, Promega) was 

carried out to quantify cell proliferation. Assays are performed by adding CellTiter 96 ® 

Aqueous One Solution Reagent (1:5 w/v) directly to media in well cultures, incubating for 

1–4 hours and then recording the absorbance at 492nm with a 96-well plate reader (DTX 

880 Multimode Detector).  

3.2.5 Neurite Imaging  

Neurons were seeded in 6-well culture plates with PVDF films and incubated for a week. 

Incubated neurons were imaged using phase contrast microscopy. After 1 week, RN33B 

cells (spindle- shaped and neurite- shaped) were imaged on TCPS or on PVDF films 

prepared as described in Section 3.3.3. Cell morphology was evaluated for potential neurite 

formation. NIH ImageJ analysis of neurite outgrowth was used to measure neurite length 

average. 
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3.2.6 Statistical Analysis 

Cellular metabolic activity and neurite extension were compared between the unpoled and 

positive (+) or negative (-) poled PVDF membranes using an analysis of variance 

(ANOVA). p-Values less than 0.05 were considered significant. Pairwise comparison 

between groups was performed after ANOVA using the least significant difference (LSD) 

method. All analyses were conducted using Microsoft Excel. Statistical significance is 

denoted in the figures, which are reported as mean ± standard deviation. 

3.3 RESULTS 

3.3.1 Alizarin Red Staining of hMSCs and MC3T3-E1 Cells  

Images of ARS stained hMSCs and MC3T3-E1cells seeded with unpoled and positive (+) 

or negative (-) poled PVDF membranes in 6-well plates at Week 1, Week 2 and Week 3 

are presented in Figures 3.2 and 3.3. These figures show qualitatively that compared to 

oscillating electric fields, the stationary electric field induced a more homogeneous 

distribution of hMSCs and MC3T3-E1 cells. There were no particularly dense areas of cells 

in these non-vibrated cell groups compared to the dense areas that were common when 

cells were subjected to vibration and oscillating electric fields. Differentiation and 

mineralization was observed in hMSCs seeded on positively charged PVDF films, but 

mineralization was not induced in all cell samples. MC3T3-E1 cells did not show any 

mineralization. 
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Figure 3.2: Alizarin red stained monolayers of hMSCs seeded on unpoled, positively 

charged, negatively charged PVDF films in 6- well plates. The cells were stained at Week 

1, Week 2 and Week 3. Red stain shows mineralization. 
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Figure 3.3: Alizarin Red Staining assays of MC3TE-E1 seeded on unpoled, positively 

charged, negatively charged PVDF films in 6- well plates. The cells were stained at Week 

1, Week 2, and Week 3. 

3.3.2 MTS Assays of hMSCs and MC3T3-E1 Cells  

When seeded onto unpoled and the positive or negative surfaces of poled PVDF 

membranes (+) or (-), hMSCs and MC3T3-E1 cells proliferated rapidly, completely 

covering the surface by the first week of culture. The proliferation of both cell types 

appeared similar on TCPS and PVDF membranes when observed under an optical 

microscope.  
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Figures 3.4 and 3.5 show the quantified results of seeding hMSCs and MC3T3-E1 cells on 

the various scaffolds over the time course of the experiment. Figure 3.4 statistically shows 

that the experimental group with the highest number of metabolically active hMSCs were 

seeded on (+) poled PVDF films at Week 2 and Week 3. Figure 3.5 statistically shows the 

highest number of viable MC3T3-E1 cells when seeded on unpoled PVDF films at Week 

2 and Week 3. 

 

Figure 3.4: Cell proliferation of hMSCs seeded on TCPS, non-piezoelectric, and (+/-) 

piezoelectric PVDF films at Week 1, Week 2, and Week 3 after seeding. Positively charged 

piezoelectric PVDF films show statistically significant increases (p < 0.05) over negatively 

charged piezoelectric and non-piezoelectric PVDF films on corresponding days. Asterisks 

indicate significance. Error bars show standard deviation.  
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Figure 3.5: Cell proliferation of MC3T3-E1 cells seeded on TCPS, non-piezoelectric and 

(+/-) piezoelectric PVDF films at Week 1, Week 2, and Week 3 after seeding. Non-

piezoelectric PVDF films show statistically significant increases (p < 0.05) over positively 

and negatively charged piezoelectric PVDF films on corresponding days. Asterisks 

indicate significance. Error bars show standard deviation. 
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3.3.3 Neurite Imaging  

The results of this chapter indicate that in the absence of electrical stimulation, 

piezoelectric polymer membranes with a surface charge induce substantially higher levels 

of neurite outgrowth than electrically neutral membranes without surface charges as shown 

in Figures 3.6, 3.7 and 3.8. 
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Figure 3.6: Undifferentiated RN33B cells that were seeded on TCPS, on unpoled PVDF, 

on (+) poled PVDF, or on (–) poled PVDF films. 20x magnification. 
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Figure 3.7: Differentiated RN33B cells that were seeded on TCPS, on unpoled PVDF 

films, on (+) poled PVDF, or on (–) poled PVDF films. 20x magnification. 
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Levels of cell attachment on poled and unpoled PVDF membranes were comparable to 

those on tissue culture polystyrene well plate. After a week of culture, cells with single or 

multiple neurites were observed on poled PVDF membranes. Neurites grew in all 

directions with no preferential outgrowth patterns as showed in Figures 3.6 and 3.7.  

Figure 3.8 indicates undifferentiated and differentiated RN33B neurite extension when 

seeded on (+) poled PVDF, or on (–) poled PVDF films. Though not statistically 

significant, trends suggested that the undifferentiated cells preferred positively charged 

films whereas the differentiated cells preferred negatively charged films. 

  

Figure 3.8: Undifferentiated and differentiated RN33B neurite extension when seeded on 

(+) poled PVDF, or on (–) poled PVDF films. Error bars show standard deviation. 
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3.4 DISCUSSION 

3.4.1 Alizarin Red Staining of hMSCs and MC3T3-E1 Cells  

Bone differentiation on charged PVDF membranes was not induced during the duration of 

this study. Conversely, during the duration of the experiments employing oscillating 

electric fields on poled PVDF under electromechanical stimulation, differentiation was 

observed. Most reports in the literature were performed in static conditions indicating only 

the suitability of PVDF as a biomaterial and the relevance of the (positive or negative) 

surface charge when the material is poled. Most of these studies do not explore the 

biological response to the piezoelectric effect. Based on these results, stationary conditions 

of piezoelectric films as biomaterials do not give a complete picture and a specific 

mechanical stimulus under dynamic conditions should be applied during cell culture. This 

dynamical mechanical stimulus can be compression, vibration or stretching of the 

piezoelectric material [4]. 

3.4.2 MTS Assays of hMSCs and MC3T3-E1 Cells  

Recently, surface charge has been described as an important parameter for cell attachment 

and proliferation. In particular, it has been shown that positively and negatively charged 

surfaces support higher cell attachment than neutral surfaces and induce cell adhesion and 

proliferation in a cell type-dependent manner [5, 6, 7]. For instance, on a layer-by-layer 

polyelectrolyte with different surface charges, negatively charged surfaces supported 

higher attachment of C2C12 skeletal muscle cells than positively charged surfaces [8]. It 

has been shown that MC3T3-E1 osteoblasts exhibited higher adhesion and proliferation in 

the presence of (+) poled β-PVDF films and showed an increase in cell proliferation under 
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static and dynamic conditions [9]. This was confirmed by the experiments described in this 

chapter, where MC3T3-E1 cells trended towards a preference for positively charged 

surfaces. Conversely, hMSCs trended towards a preference for negatively charged 

surfaces.  

The results from this chapter showed that under stationary (non-vibrating) conditions, 

hMSCs cell proliferation on charged PVDF membranes was higher than cell proliferation 

on unpoled PVDF membranes. Whereas MC3T3-E1 cells preferred the unpoled 

membranes. The mechanisms by which surface charge and piezoelectric properties affect 

the responses of different cell types has been investigated; however, to date, not a single 

mode of action has been identified. A factor of likely importance is the preferential 

adsorption of proteins and other molecules onto surfaces of different electrical states [10]. 

C. Ribeiro et al. demonstrated that the polarization of a PVDF electroactive crystalline 

phase affects the hydrophobicity/hydrophilicity of the film [11]. If the material is too 

hydrophobic, ECM molecules are adsorbed in a denatured and rigid state. Therefore, 

binding sites on these molecules are less accessible to cell adhesion receptors, and further, 

their conformation is inappropriate for binding to cells [12]. A protein bound in a denatured 

state may also be more tightly associated with the substrate compared to a non-denatured 

protein. Proteins with such strong surface interactions likely provide different types of 

mechanical cues than proteins with less pronounced surface interactions. Optimal protein 

adhesion only occurs on moderately hydrophilic surfaces (around 40–60º water contact 

angle), [13] whereas highly hydrophilic surfaces are known to bind adsorbed cell adhesion-
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mediating molecules with relatively weak forces, which could lead to the detachment of 

these molecules during culture. 

 The surface properties of PVDF are influenced by its crystalline phase, not only because 

of the different arrangement of crystal lamellae that leads to a different roughness and 

surface topography, but also due to a different surface energy leading to a highly 

hydrophobic material in the case of unpoled β-PVDF and to a more hydrophilic one in the 

case of α-PVDF. The reason for these differences is related to the different ordering of the 

permanent dipoles along the polymer chains in different crystalline phases [14]. 

Jenita Pearssinen et al. confirmed that and (+) poled β-PVDF films were found to be the 

most hydrophilic of these materials, with a contact angle of 31.8º, which is lower than that 

measured for (-) pole” β-PVDF surfaces (51.1º) [15].  Therefore, the (-) poled β-PVDF 

films provided the most optimal surface hydrophobicity/hydrophilicity to promote protein 

adhesion, which modulates stem cell adhesion to PVDF films and leads to an increase in 

the growth of cells on that type of films. The results of this chapter confirmed these findings 

with the hMSCs. Furthermore, this chapter’s results extend these findings by showing that 

positively charged surfaces are capable of inducing osteodifferentiation and osteogenesis 

in hMSCs. 

3.4.3 Neurite Imaging  

Since neurite outgrowth was observed on charged PVDF films but not on tissue culture 

polystyrene, it suggests that neurite outgrowth was induced by the surface charges of the 

films. These results suggest that local electrical charges stimulate neurite outgrowth. 
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The mechanism by which piezoelectric activity enhances neurite outgrowth is unknown. It 

is possible that piezoelectric activity increases the synthesis or secretion of extracellular 

matrix molecules required for neurite outgrowth [16]. Thus, the secreted molecules may 

form preferential pathways for neurite outgrowth. Differences in the levels of cell 

attachment on poled and unpoled films were not correlated with neurite growth; cell 

attachment densities appeared the same for both.  Both poled and unpoled films have the 

same chemical compositions and differ only in orientation of the internal molecular 

structure and ability to generate transient charges, making them ideal for distinguishing 

cell responses to surface differences in field effects. Valentini et al. showed that the 

chemical compositions and adhesion profiles were indistinguishable between poled and 

unpoled PVDF or P(VDF-TrFE) [16]. It is important to note that these materials do not 

contain any potentially ionizable surface groups that may contribute to local charge 

generation.  

Therefore, it is possible to conclude the enhancement of neurite growth is due to the 

influence of piezoelectric activity rather than to changes in the surface structure, chemical 

composition, or adhesive nature of the PVDF film. Valentini et al. [17] described the use 

of electrically charged and uncharged polytetrafluoroethylene channels to repair transected 

sciatic nerves in adult mice and showed that regeneration of nerves in both types of 

electrically charged channels contained significantly more myelinated axons than nerves 

in uncharged channels. Aebischer et al. constructed piezoelectric nerve guidance channels 

from PVDF tubes to study their effect in a transected mouse sciatic nerve model [18]. They 

compared poled PVDF channels to unpoled PVDF channels after 4 and 12 weeks of 
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implantation. In all animals, the proximal and distal nerve stumps were connected by a 

continuous nerve cable. Similar to the Aebischer study, nerves regenerated in poled 

channels had a higher number of myelinated axons than those regenerated in unpoled 

channels at both time periods. This study concluded that piezoelectric nerve guidance 

channels induce peripheral nerve regeneration and provide a tool to investigate the 

influence of electrical activity on nerve regeneration. 

3.5 CONCLUSIONS 

The aim of this chapter was to explore the effect of stationary electric fields on a variety of 

mesenchymal tissues—hMSCs, bone, and nerves cells by seeding them on TCPS and three 

kinds of PVDF film surfaces: unpoled films with no surface charge, poled films with cells 

cultured on the positively charged side of the sample, and poled films with cells cultured 

on the negatively charged side of the sample. The same methods that were used in 

investigating the effect of oscillating electric fields on cells were employed to observe how 

a stationary electric field would affect cells differentiation and growth. The results showed 

a more homogeneous distribution of hMSCs and MC3T3-E1 cells seeded on (-) poled 

PVDF films but did not induce osteogenesis for any of the cell types. MTS assays of 

hMSCs and MC3T3-E1 cells indicated that the highest number of viable hMSCs were those 

that were seeded on (-) poled PVDF films while the highest number of viable MC3T3-E1 

cells were obtained when seeding on (+) poled PVDF films. Neurite imaging verified that 

charged piezoelectric PVDF membranes induce neurite outgrowth more than electrically 

neutral membranes. 

 



86 

 

 

 

REFERENCES 

1. Schneider GB, English A, Abraham M, Zaharias R, Stanford C, Keller J. The effect of 

hydrogel charge density on cell attachment. Biomaterials 2004; 25:3023–3028. 

2. Lee YS, Collins G, Livingston Arinzeh T. Neurite extension of primary neurons on 

electrospun piezoelectric scaffolds. Acta Biomater 2011; 7:3877–3886. 

3. https://en.wikipedia.org/wiki/Mesenchymal_stem_cell Access date: 3 April 2018 

4. Ribeiro, C.; Sencadas, V.; Correia, D.M.; Lanceros-Méndez, S. Piezoelectric polymers 

as biomaterials for tissue engineering applications. Colloids Surf. B Biointerfaces 

2015, 136, 46–55.  

5. H.-S. Huag, S.-H. Chou, T.-M. Don, W.-C. Lai and L.-P. Cheng, Polym. Adv. Technol., 

2009, 20, 1082–1090. 

6. I. F. Amaral, A. L. Cordeiro, P. Sampaio and M. A. Barbosa, J. Biomater. Sci., Polym. 

Ed., 2007, 18, 469–485. 

7. G. B. Schneider, A. English, M. Abraham, R. Zaharias, C. Stanford and J. Keller, 

Biomaterials, 2004, 25, 3023–3028. 

8. L. Ricotti, S. Taccola, I. Bernardeschi, V. Pensabene, P. Dario and A. Menciassi, 

Biomed. Mater., 2011, 6, 031001. 

9. C. Ribeiro, S. Moreira, V. Correia, V. Sencadas, J. G. Rocha, F. M. Gama, J. L. Gomez 

Ribelles and S. Lanceros-Mendez, RSC Adv., 2012, 2, 11504–11509. 

10. Baxter FR, Bowen CR, Turner IG, Dent ACE. Electrically active bioceramics: A 

review of interfacial responses. Ann Biomed Eng 2010; 38:2079–2092. 

11. Ribeiro C, Panadero JA, Sencadas V, Lanceros-M_endez S, Tama~no MN, Moratal D, 

Salmer_on-S_anchez M, Ribelles JLG. Fibronectin adsorption and cell response on 

electroactive poly (vinylidene fluoride) films. Biomed Mater 2012; 7:035004. 

12. Bacakova L, Filova E, Parizek M, Ruml T, Svorcik V. Modulation of cell adhesion, 

proliferation and differentiation on materials designed for body implants. Biotechnol 

Adv 2011; 29:739–767. 

13. van Wachem PB, Beugeling T, Feijen J, Bantjes A, Detmers JP, van Aken WG. 

Interaction of cultured human endothelial cells with polymeric surfaces of different 

wettabilities. Biomaterials 1985; 6:403–408. 

14. Lovinger A J 1982 Developments in Crystalline Polymers (London: Elsevier). 

15. Jenita P€arssinen, Henrik Hammar_en, Rolle Rahikainen, Vitor Sencadas, Clarisse 

Ribeiro, Sari Vanhatupa, Susanna Miettinen, Senentxu Lanceros-M_endez, Vesa P. 

Hyt€onenEnhancement of adhesion and promotion of osteogenic differentiation of 

human adipose stem cells by poled electroactive poly (vinylidene fluoride), 2014.  

16. Robert F. Valentini, Terrence G. Vargo, Joseph A. Gardella Jr.and Patrick Aebischer, 

Electrically charged polymeric substrates enhance nerve fibre outgrowth in 

vi&O,Bafullo NY, 1991 

17. Valentini, R.F., Sabatini, A.M., Dario, P. and Aebischer, P., Polymer electret guidance 

channels enhance peripheral nerve regeneration in mice, Brain Res. 1989,480,300-304 

18. Aebischer, P., Valentini, R.F., Dario, P., Domenici, C. and Galletti, P.G., Piezoelectric 

guidance channels enhance regeneration in the mouse sciatic nerve after axotomy, 

Brain Res. 1967, 438, 165-168. 



87 

 

 

 

CHAPTER 4: CORRELATING CELL RESPONSES TO THE 

ELECTROMECHANICAL RESPONSE OF POLY (VINYLIDENE FLUORIDE) 

FILMS SUBJECTED TO VIBRATION WHILE SUBMERGED IN FLUID 

4.1 INTRODUCTION  

Materials like metals, alloys and ceramics have been replaced by polymers in multiple 

applications, including aerospace and automotive industries, sensors, actuators, and tissue 

engineering. When compared to inorganic materials, polymers present attractive 

properties. They are light in weight, inexpensive, mechanically and electrically tough, and 

some are biodegradable and/or biocompatible [1, 2, 3]. There are benefits and drawbacks 

to both natural and synthetic polymers used for tissue engineering purposes. Natural 

polymers have ligands that promote cell attachment, viability, and in some cases, 

differentiation. They possess inherent microarchitectural cues reminiscent of the native 

tissues that cells originate from. Unfortunately, natural polymers often have batch-to-batch 

variability and can cause an immune response when implanted. Finally, natural polymers 

can be difficult to process and often possess poor mechanical and electrical properties [4].  

Thus, a variety of synthetic polymers such as poly (glycolic acid) (PGA) [5,6], poly (lactic 

acid) (PLA) [7, 8], poly (lactic-co-glycolic acid) (PLGA) [9, 10], and poly (ethylene glycol) 

(PEG) [11, 12] have been extensively investigated as materials or scaffolds for tissue 

engineering [13]. It has been demonstrated that for certain cells and tissues, the behavior 

of electroactive materials can be exploited for scaffold development, resulting in scaffolds 

capable of providing stimuli necessary for specified tissue regeneration. This capability has 

stimulated a strong increase in the development of smart materials for tissue engineering 
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applications [14]. In a piezoelectric material, an electrical response due to a mechanical 

input or vice versa can be observed (Figure 4.1). The direct piezoelectric effect (dij) 

describes the conversion of mechanical energy into electrical energy whereas the inverse 

piezoelectric effect (eij) concerns the conversion of electrical energy into mechanical 

energy. In this type of smart material, a certain anisotropy in its structure is required. For 

synthetic polymers that are non-crystalline or semi-crystalline and are originally isotropic, 

they are typically subjected to a poling procedure (like corona poling) to meet this 

requirement [15].  

 

Figure 4.1: Schematic of the piezoelectric effect and a cell seeded on a piezoelectric film 

(the film is drawn in grey) (a) without and (b) with a mechanical stimulus which causes a 

variation of film electrical potential which influences the cell response as well [15].  

Currently, PVDF is the most common piezoelectric polymer used to study the piezoelectric 

effect in tissue engineering applications, due to its sizeable piezoelectric response. It can 

be effectively used as a substrate for cell stimulation prior to the cells’ implantation, due 

to both the polymer’s large piezoelectric response and physicochemical stability. Because 
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it is a non-degradable material, PVDF can only be implanted in applications that do not 

require a degradable scaffold.  Such applications may include the use of PVDF films as 

nerve guides. 

Neurons were cultured directly on electrically charged PVDF membranes to investigate if 

local electrical charges enhance nerve fiber outgrowth in vitro [16, 17]. The investigators 

calculated that the poled PVDF membranes generated 2–3 mV when vibrated at 1200 Hz 

and it was concluded that an enhanced neural outgrowth process was induced by the 

piezoelectric output of the films, while the unpoled PVDF membranes showed no output. 

In addition to neural cells, PVDF films have been used to study the effect of piezoelectricity 

on bone cells. Osteoblasts were seeded on PVDF films and examined under static and 

dynamic conditions. The dynamic culture was performed in a home-made bioreactor, 

where the mechanical stimulation was carried out by placing the culture plate on a vertical 

vibration module at a frequency of 1 Hz. This study showed that an oscillating electric field 

enhances osteoblast growth and proliferation. However, this study did not attempt to 

decouple the mechanical stimulation and response from the electrical stimulation and 

response, which is important since vibration alone is known to stimulate osteoblast activity 

[18].  Further, this study did not explore multiple frequencies, nor correlate the mechanical 

input to the electromechanical output. Low magnitude high frequency vibration has been 

demonstrated to positively affect cells, with differing responses at low (< 20 Hz), medium 

(40-60 Hz), and high (> 80 Hz) frequencies. Additionally, several studies that evaluated 

the cell response to vibrated PVDF films did not fix these films to the culture plates, nor 
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did the studies measure the motion of the films to determine whether the amplitude of the 

vibration input matched the actual vibration of the PVDF films. 

In this chapter, these relationships are explored. In all experiments, PVDF films were fixed 

to the bottom of 6-well plates, seeded with cells, and submerged in cell media. Films were 

not allowed to freely float within the well plate in the media, as it was expected that the 

media would dampen the vibration imparted to the films. Attaching the film to the well 

ensured that the maximum vibratory input was translated to the PVDF film and minimized 

damping due to media. The actual displacement of the films under each loading condition 

was measured, as were the films’ mechanical properties.  

4.2 MATERIALS AND METHODS  

4.2.1 Displacement and Acceleration  

The displacement of the PVDF films was measured as a function of applied vibration using 

a laser interferometer (Keyence LK-G10). Films were prepared as previously described for 

cell culture, briefly, they were glued into 6-well plates and submerged in cell culture media. 

A stand was reconfigured for the interferometer such that it could be inserted below the 

well plates in the Bose Electroforce device (Figure 4.2). The laser light from the 

interferometer was directed upwards and focused on the edges of the film, away from the 

glue. The vibration frequencies (20, 60, and100 Hz) were selected to capture the low, 

medium, and high frequency ranges for reasons discussed in previous chapters. To ensure 

that all cells received an acceleration of 0.3g, peak-to-peak displacements of 0.37, 0.04, 

and 0.014 mm applied for the vibration frequencies of 20, 60, and 100Hz, respectively, 

according to the relation below: 
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𝑎 =
𝐷(2πƒ)2

𝑔
 

where a is acceleration, D is zero-to-peak displacement, f is vibration frequency, and g is 

the acceleration of gravity Measurements were obtained from media alone, from unpoled 

films submerged in media, and from poled films submerged in media. Measured 

displacement data from the interferometer was directly recorded on computer for 

comparison with applied displacement data. All data was normalized by subtracting a base 

measurement (vibration measurements with no well plates mounted) from the 

measurements taken with well plates mounted. 

 

 

Figure 4.2: Experimental set-up. Left schematic shows the set-up for cell stimulation. 

Right schematic shows the set-up to measure PVDF film displacement with an 

interferometer. W is 11.5 cm and t is 20.5 cm. 
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4.2.2 PVDF Young’s Modulus 

The elastic moduli (E), also known as Young’s moduli of poled and unpoled PVDF films 

scaffolds were determined by performing both tensile using a Bose Electroforce 3100 with 

a 1 Newton load cell (Figure 4.3). PVDF films were cut to (1x3) cm and were (0.03-0.05) 

mm in thickness. The force measurements obtained from the Bose Electroforce device were 

converted into stress using the cross-sectional area of the films. PVDF films were clamped 

at either end using the flat knurled face tension grips of the Bose Electroforce device. The 

films were tested in uniaxial strain applied at a rate of 6 mm/min. WinTest® 7 software 

was used for system control and force data acquisition. The data was collected and used to 

calculate the elastic modulus from the slope in the linear portion of the stress-strain curve.   

 

 

Figure 4.3: Bose Electroforce set-up for tensile testing. 
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4.3 RESULTS  

4.3.1 Displacement and Acceleration  

The recorded displacement data was processed and used to determine applied acceleration, 

and subsequently to approximate voltages delivered to the cells. All film displacements 

and accelerations were below the values delivered by the Bose Electroforce device (Figures 

4.4- 4.6). Media displacements were also below, except for displacements occurring at 60 

Hz. Unpoled PVDF films displaced more than poled PVDF films. 

 

Figure 4.4: Representative measurements of the displacement of cell culture media while 

subjected to experimental vibrations. 
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Figure 4.5: Representative measurements of the displacement of unpoled PVDF films 

submerged in cell culture media while subjected to experimental vibrations. 
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Figure 4.6: Representative measurements of the displacement of poled PVDF films 

submerged in cell culture media while subjected to experimental vibrations. 
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Figure 4.7: Semi-log graphs comparing the applied and actual displacements (left) and 

accelerations (right) received by the cell culture media and the PVDF films. 

Song et al. determined the voltage output of various PVDF films using both measurements 

and simulations [19]. Their data was a good fit to their simulation, and by interpolating 

their linear equation: 

 PVDF Voltage = 3.0007a – 0.0201 

where a is applied acceleration, it is possible to approximate the voltage delivered to cells 

(Table 4.1). Accelerations are reported in the table assuming the PVDF films are subjected 

to the accelerations imparted by the media, and assuming the PVDF films are only 

subjected to accelerations due to their own movement.   



97 

 

 

 

Table 4.1: Voltage delivered to cells based on actual accelerations. 

Frequency (Hz) Media (mV) PVDF (mV) 

20 0 5.6 

60 1,587 0 

100 75 0.05 

 

4.3.2 PVDF Young’s Modulus  

The Young’s moduli for poled PVDF films was higher than that of unpoled PVDF films 

(Figure 4.8). Stiffer poled PVDF films had moduli of 20 kPa while unpoled films had 

moduli of 70 kPa.  

 

Figure 4.8: Stress strain curves of representative PVDF films. Samples 1 is poled, samples 

2 and 3 are unpoled. 
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4.4 DISCUSSION  

When vibrating the well culture plates that contained media with PVDF films at 20, 60, 

and 100 Hz, actual media displacements were 2%, 185%, and 11% of well displacements, 

respectively. The 185% increase in media displacement suggests that 60 Hz may have been 

at or near the natural frequency for the 2 mL of fluid in the 6-well plates. This may be 

changed by adding more or less media to alter the natural frequency, which is a function 

of weight and stiffness.  The 20, 60, and 100 Hz vibrations resulted in actual film 

displacements of poled films by 3%, 1%, and 2% of well displacements and unpoled films 

by 6%, 4%, and 17%, respectively. This in turn resulted in accelerations that were reduced 

by the same amount since acceleration is directly related to zero-to-peak vibration distance. 

There were differences in displacements achieved by the unpoled compared to the poled 

PVDF. These can likely be explained by the difference in stiffness between the unpoled 

and poled PVDF. The stiffer poled PVDF displaced less, which is expected. Since the 

poling process involved stretching to align the semicrystalline molecules of the PVDF 

films, it follows that this would result in an elastically stiffer substrate. It also follows that 

given the same vibration input, these stiffer films would displace less. 

Using the displacement values, it was possible to calculate theoretical voltages generated 

by the PVDF films (Table 4.1). Voltage values were calculated assuming that the 

acceleration of the media applied an oscillatory pressure to the PVDF films (Media 

column) and assuming that the movement of the films itself were the only mechanical input 

received by the films. Although these values are theoretical and should be measured to 

corroborate them, it is important to note that for 100 Hz the theoretical voltage calculated 
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was 75 mV. This value is close to the 70 mV depolarization threshold that excitable cells 

such as neurons and myofibers experience during action potentials [20]. Thus, it may 

explain the morphological change from mesenchymal stem cells to neural cells that was 

observed for cells stimulated at 100 Hz.  

4.5 CONCLUSIONS 

The main goal of this chapter was to characterize the environment that the cells experienced 

during the vibration experiments. The results point to an answer for some of the more 

surprising results, such as the morphological changes observed in 100 Hz stimulated 

mesenchymal stem cells. It may be that that there is an optimal range of electromechanical 

loading that permits precise control of cell fate. The successful vibratory measurements 

lead to important conclusions: the liquid media has a significant impact on the piezoelectric 

output of the PVDF, and by simply changing the amount of media in the experiments it 

may be possible to get vastly different results. 
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS 

This dissertation aimed to probe the response of a variety of mesenchymal tissues, namely, 

mesenchymal stem cells, osteoblasts, and neurons, to piezoelectric substrates. Though 

within the literature there are studies that evaluate the effect of frequency while stimulating 

cells with piezoelectric oscillating electric fields, the majority of these employ random 

vibration. The results presented here demonstrate that random vibration misses certain 

responses. The morphological change observed from mesenchymal stem cell to neural-type 

cell was not observed at any other frequency, and to date has not been reported in the 

literature. To better design tissue engineering constructs using electroactive materials, it is 

necessary to know the optimal stimulation parameters that will permit the control growth 

and differentiation for a variety of tissues. This study better defines some of these 

parameters and has already resulted in unexpected and new findings not yet reported in the 

literature. 

5.1 KEY FINDINGS  

5.1.1 The Effect of Oscillating Electric Fields on Cells  

Poled and unpoled poly (vinylidene fluoride) (PVDF) membranes were seeded with 

MC3T3-E1 mouse pre-osteoblasts, hMSCs, and RN33B rat neurons, then vibrated at 20, 

60, and 100 Hz. At weeks 1, 2, and 3, bone formation was assessed with alizarin red 

staining and cell proliferation was assessed with MTS assays. RN33B neurons were 

evaluated with neurite imaging one week after vibration. Alizarin red staining of hMSCs 

and MC3T3-E1 cells indicated significant increases in osteogenic activity for both cell 

types when subjected to oscillating electric fields due to piezoelectricity. For MC3T3-E1s, 
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vibration alone was an osteogenic input.  MTS assays of hMSCs and MC3T3-E1 cells 

showed that the proliferation of both cell types was enhanced due to the piezoelectric effect 

of poled PVDF films but was reduced when vibrated on tissue culture plastic or unpoled 

PVDF films. For 100 Hz vibrations, hMSC morphology changed to neural-like cells. 

Neurite imaging of undifferentiated and differentiated RN33B cells illustrated increases in 

neurite growth due to both mechanical and electrical stimulation. 

5.1.2 The Effect of Stationary Electric Fields on Cells  

The same methods that were used in investigating the effect of oscillating electric fields on 

cells were employed to observe how the stationary electric field affects cells differentiation 

and growth and at the same time points.  As described above, MC3T3-E1, hMSCs, and 

RN33B cells were seeded on TCPS and three kinds of PVDF film surfaces: unpoled films 

with no surface charge, poled films with cells cultured on the positively charged side of the 

sample, and poled films with cells cultured on the negatively charged side of the sample. 

Alizarin red staining of hMSCs and MC3T3-E1 cells showed that stationary electric fields 

resulted in more homogeneous distributions of hMSCs and MC3T3-E1 cells when these 

cells were seeded on (-) poled PVDF films but did the negative surfaces did not induce 

osteogenesis. MTS assays of hMSCs and MC3T3-E1 cells indicated that the highest 

number of viable hMSCs cells were achieved when cells were cultured on (-) poled PVDF 

films while the highest number of viable MC3T3-E1 cells occurred on (+) poled PVDF 

films. Interestingly, (+) poled PVDF films were able to initiate osteogenesis in hMSCs, but 

the result was inconsistent. The neurite imaging study verified that stationary poled 

piezoelectric PVDF membranes did not induce neurite outgrowth. 
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5.1.3 Characterizing the Electromechanical Response  

There are many different options for the integration of PVDF films into the cell culture 

environment. For this application, cells were cultured within a six well culture plate. The 

cells were introduced via a liquid media and actuated with a steady vibratory load. PVDF 

as a piezoelectric material, can utilize physical actuation to induce a voltage. It is the 

combination of this actuation and electronic stimuli that has been implicated in directing 

cell fate. In order to understand how the PVDF responds to the actuation, the movement of 

the cell media and the PVDF films were measured. The PVDF films were fixed to the well 

plate to prevent them from freely floating within the media, which may have dissipated the 

vibration imparted to the films. This vibratory study of displacement illustrated that cell 

media has a significant impact on the piezoelectric output of the PVDF. Further, theoretical 

calculations from this study suggests that the voltage delivered by the PVDF films may be 

very close to physiologic ranges of the depolarization excitable cells undergo during action 

potentials. This may explain the change in morphology of the MSCs to neuronal. 

5.2 FUTURE DIRECTIONS  

5.2.1 Establishing that Piezoelectric Stimulation Can Drive MSC Morphology towards 

Neurons   

Poled PVDF membranes will be seeded with human mesenchymal stem cells hMSCs and 

vibrated at a 100 Hz for 24 hours. After 1, 3, 5, 7, and 14 days, cultures will be 

immunolabelled for an MSCs marker (DJ 3) [1], a neural stem cell marker (nestin), and a 

neuron marker (NeuN, tau, neurofilaments). Parallel cultures of human neural cells and 

human neural stem cells as positive and negative controls for the staining will be 
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maintained. If the hMSCs are indeed differentiating into neurons, it is likely they will first 

differentiate into neural stem cells. These NSCs may differentiate into neurons or other 

neural cells (astrocytes or oligodendrocytes). If the staining is negative for all of these, that 

would indicate that the hMSCs turned into something else, and the direction of 

investigation will depend on the results. 

5.2.2 Examine the Effect of Oscillating Electric Fields on Non-Vibrated Cells 

Cells will be stimulated with DC and AC electrical stimulation via electrodes directly 

inserted into the media. Although the films will not be vibrated with the Electroforce, it is 

expected that the cultured cells on the piezoelectric films will experience vibration and 

strain due to the inverse piezoelectric effect. However, since they will not experience the 

combined vibration of the weight of the media, a different result is expected. It is expected 

that neurites will grow towards the cathodes and away from the anodes. It is also expected 

that increased osteogenic and myogenic differentiation will be observed, as well as 

alignment with the electrical field.  

5.2.3 Measure the Electric Field Delivered by PVDF Films  

To confirm whether the theoretical values determined by the vibration at 100 Hz are 

correct, it is necessary to directly measure the voltages generated by the vibrating PVDF 

films. This will be achieved by mounting PVDF films in 6-well plates and submerging 

them as before. Then, leads will be attached to PVDF films to measure voltages. The leads 

will be attached at three locations on the PVDF film; the center location where the film is 

glued, near the periphery of the glue, and at the edge of the PVDF film where there is no 
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glue. Three data sets will be recorded for each loading configuration to establish 

reproducibility. 

5.2.4 In Vivo Model Development 

There are studies that show that by crossing a spinal lesion with an oscillating current using 

percutaneous leads, voluntary motion can be re-established [2]. With PVDF, there is no 

need for percutaneous leads and a vibration input can be applied on the outside of the skin. 

Thus, it may be possible to use PVDF both as a nerve guide and as a functional scaffold 

that returns function during vibration. This can be first explored using a peripheral 

denervation model, where the peroneal nerve is transected. PVDF films seeded with MSCs 

or neural stem cells and primed 24 hours at 100 Hz would then be rolled and placed over 

either end of the nerve transection. This would be performed in a mouse or rat model, and 

the animal monitored for functional return. After the study’s end, animals would be 

sacrificed for histology. Two groups would be followed – in one group, the animals would 

receive no further stimulation. In the stimulation group, animals would be fitted with a 

portable vibration device that would deliver a set amount of daily vibration. Otherwise, 

animals would be retrieved to have vibration applied. Results from this study would be 

used to direct the experimental design for a spinal transection study. 
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5.3 SUMMARY 

The work in this dissertation revealed that PVDF membranes stimulated mesenchymal 

stem cells, osteoblasts, and neurons towards differentiation especially under dynamic 

conditions. Piezoelectric PVDF membranes that are dynamically stimulated induce MSC 

and osteoblast proliferation and differentiation towards osteogenic lineages, as well as 

induce neurite growth in neurons. The morphological changes observed from 

mesenchymal stem cell to neural-type cells at 100 Hz was not observed at any other 

frequency, and to date has not been reported in the literature. The analysis of actual 

displacement illustrated that cell media has a significant impact on the piezoelectric output 

of the PVDF. In addition, theoretical calculations from this study suggests that the voltage 

delivered by the PVDF films may be very close to physiologic range of the depolarization 

excitable cells undergo during action potentials, which may explain the morphological 

changes of the MSCs towards a neuronal appearance. Piezoelectric PVDF membranes hold 

promise for applications in bone and neural tissue engineering and offer a novel finding in 

MSCs differentiation studies. 
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