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Abstract
Tissue engineering depends on scaffolds for boosting cell differentiation and growth with latest priority on stimuli responsive scaffolds, occasionally termed smart scaffolds. One of the illustrative of this substance category is piezoelectric scaffolds, capable to kindle electrical charges subject to mechanical stimulation, which generates a substantial expectation for utilizing said scaffolds in non-invasive treatment of neural tissue. Tissue engineering and recreating medicine are growingly making good use of active materials, allowing supplying specific signal to the cells. Specifically, the application of electro-active polymers that convey an electrical signal to the cells upon mechanical solicitation, unlock novel scientific and technological windows as they actually mimic clues and outcomes that take place in biological tissues, enabling the evolution of appropriate microenvironments for tissue regeneration. Thus, a novel approach was evolved that piezo-magneto-active polymer scaffolds are suitable for delivering those signals. This chapter focuses on applications of piezo-magneto-active polymer scaffolds in tissue engineering. 
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Introduction
Smart materials broadly refer to the materials which can adjustably alter one or more of their functional or structural features, in accordance to the imposed outside stimulus or to the changes in their immediate environment [1]. The outside stimulus comprises physical (temperature, light, electric or magnetic fields), chemical (pH) and mechanical stimuli (stress and strain). Piezoelectric materials are contemplated as intelligent materials due to the fact that these materials can convert mechanical pressure exerting on it to electrical signals (termed direct piezoelectric influence) and electrical signals to mechanical signals (known as contrary piezoelectric influence) [2]. The primary demand of material to show piezoelectricity relies on its crystal lattice structure and the absence of a center of symmetry [3]. Pierre Curie and Jacques Curie in 1880 have unearthed the happening. The term “piezo” is derived from the Greek word “piezein” connoting pressure [4]. Piezoelectric materials have a broad multiplicity of electronic applications like transducers, actuators and sensors. Besides, piezoelectric materials have notable applications in tissue engineering as an electro-active scaffold for tissue repair and regeneration. They can convey changing electrical stimulus in the absence of an external power source [5]. The electrical stimulation emanating from piezoelectric scaffold can restore and reconstruct tissues by well defined pathways [6]. The piezoelectric scaffolds with fine-tuned properties can create appropriate bioelectrical signals, identical to the native extracellular matrix (ECM), which has been noticed amid revamping situation in bone and cartilage [7].

The electro-active scaffolds are most important in tissue engineering in which the electrical excitation is apt for the tissue reconstruct or regeneration, like neuronal tissue reconstruct, bone and cartilage reconstruct and regeneration etc. [8]. Tissues such as bone, cartilage, dentin, tendon and keratin can show straight piezoelectricity [9]. Collagen is a fiber-like structure and it is basic component in bone and cartilage accountable for the piezoelectric feature [10]. Owing to the piezoelectric feature of collagen, it can create electric cues in reaction to internal forces. These cues are conveyed via ECM to the voltage-gated passages in the cell membrane. Largely, the osteocyte cells are partakers in mechano-transduction and they commune with certain cells like osteoblasts and osteoclasts. The boost of these channels conveys the intracellular cues to the nucleus; guides to the stimulation of signaling avalanches, in control of the cellular activities including matrix manufacture, cell development and tissue reconstruct [11]. Therefore, electro-active scaffolds, which mimic piezoelectric coefficients of natural tissues, may be an appropriate procedure for the reconstruct and restoration of skeletal tissues such as bone and cartilage.

The incorporation of cells, bioactive factors and scaffolds for biomedical applications, such as tissue engineering, permits the advancement of biological replacements to restore and/or enhance tissue functions [12]. Scaffolds constitute a vital element in tissue engineering approaches, dispensing the structural underpin for cell growth in addition to the required stimuli for actual tissue regeneration [13,14]. In this perspective, active intelligent materials are able to reversibly change one or more of their functional or structural features in a regulated and reproducible style when subjected to outside stimuli, like temperature, stress, electric or magnetic fields, among others [15, 16]. The application of those smart materials is able to mimic the dynamic natural cell milieu by doling out mechanic and/or electric stimuli identical to the ones available in the human organism [17]. Amid smart substances, electro-active materials have depicted aptness for tissue engineering applications owing to their potential to transform a mechanical deformation into an electrical potential and contrariwise, without requiring an outside voltage origin [15, 18]. Therefore, intelligent materials are of enormous importance to refurbishing functional bio-mimetic microenvironments. This field is leveraging merit of piezoelectric materials to mimic electrical and mechanical signals living in the biological tissues, and hence help in their innate regeneration [19].
Bone disorders are an enlarging radix of worry as they create powerful effect on humans, restricting their standard of living, and on their families. They are very frequent, mostly amid older people, and have high related prices. Between the various types of bone ailments, osteoporosis is linked to greater costs [20, 21] and owing to increase in elderly citizens, more individuals are being touched. Persons impacted with osteoporosis have a higher threat of fractures [22], creating impairment and restricting their standard of living. Relating to therapy, present remedies are efficient, although they have weak long-term compliance, being the mitigation of fractures normally the target of the treatment [23]. With the growth of tissue engineering techniques, therapies have been advanced for bone-related ailments [24]. Actually, tissue engineering holds a prime function for successful cure for bone complications and remarkable attempts are being channeled to develop current efficacious restoration plans [25]. These latest plans require refurbishing bone tissue microhabitat, that covers mechanical, electromechanical and biochemical stimulating elements which are accountable for the modulation of osteogenic cell function [25].
 Majority of materials applied in bone tissue engineering furnish external biochemical stimuli, like growth factors, yet there is a shortage of bioactivity in vivo, a hassle to manage overdose dispensation and inaccurate execution, and as a result, clinical prospects of these materials is cramped [26]. Therefore, current materials and actions are required so as to surmount these setbacks. One practicable way is creating biophysical stimuli, like mechanical and electrical, as they are available in the course of bone growth and function [26]. Natural bone tissue is piezoelectric, which implies that when a mechanical invocation is done on the bone, an electric milieu is generated [27]. Actually, piezoelectric substances have been described to enhance osteoblasts proliferation and differentiation [28, 29]. Amid the various physical stimuli, mechanical forces have been vastly studied as a catalyst to impel biological cellular response in a mechano-transduction process. 
Nonetheless, latest types of physical stimuli like the employment of electrical and magnetic signals are becoming prominent. Following the development of materials science, the concurrent utilization of comparable stimuli is feasible using intelligent materials which via mechanical invocation concomitantly incite electrical or magnetic microenvironments on bone [29, 30]. Piezoelectric substances are one instance of such intelligent materials. Regarding bone tissue engineering, piezoelectric substances are contemplated new and the blend between biochemical factors and physical stimuli have been lately described [28, 29]. Besides, modifying the surface unevenness and surface potential of the scaffolds, it is doable to regulate the cell attachment [31] and mineralization procedure [32], respectively. These kinds of materials permit to modulate the function of the cells and eventually make actual osteogenesis, boosting an electric potential to cells that revives osteoblasts in vitro, in a non-infectious manner. Various sizes shapes and morphologies including porous membranes, nanofibers and films have been evaluated for a fitting measure in bone tissue engineering, most of the researches using these scaffolds as a template for tissues and cells to proliferate [28–30, 33].
This chapter will be focused on the applications of piezo-and-magneto-active polymer scaffolds in tissue engineering.

Tissue Engineering
Tissue engineering is a treatment method that confronts tissue injury or deterioration, which targets to build up new tissue from individual samples, in likewise in-vitro or in-vivo conditions, avoiding the longing for contributors or waitlist [34]. But, it needs materials with particular customized properties, after attaining a height of biomimicry that permits advancement in flourishing and functional tissue. Bulk muscle loss, owing to disorder or critical contusion, is especially serious problem of tissue injury owing to the difficulty and low repairable of muscle tissue. As a result, various treatments result in objectionable outcomes [35]. Tissue engineering is a potential remedy to this issue, however, the feature and particular demands of the skeletal muscle fibers engenders that no acceptable tissue engineering remedies have yet been advanced. A satisfactory solution needs to be able to furnish the cells with either inert stimuli, like mechanotransduction by ways of materials with particular stiffness and/or scaffolds composed of oriented fibers [36,37], and energetic stimuli, like dynamic electrical and mechanical, mimicking the natural growth environments of muscle tissue [38]. Moreover, sundry of the materials required need to be biocompatible and perfectly biodegradable, permitting the stimuli to be applied in a manageable way via regeneration process.
Smart materials are defined as materials that are manipulated to respond in a controllable and reversible way, modifying some of their properties as a result of external stimuli, such as mechanical, chemical, electrical, or magnetic [39], have the potential to solve these barriers. Especially, polymer-based smart materials can be processed into diverse morphologies, such as films, fibers, and microspheres [40], and have been investigated for tissue engineering applications in bone [41], cardiac [42], and skeletal muscle tissues, where it has been validated that energetic oriented polymer fiber scaffolds further cell advancement and tissue regeneration [36,37]. One specific process, electrospinning, permits accurate mastery of micro- and nanofiber properties, so that they can be modulated to particular purposes of aim tissues and microenvironments, enhancing cell and tissue regeneration [37].
Certain of the frequently occurring biodegradable polymers applied in tissue engineering designs are poly (α-hydroxy esters), such as poly (lactic acid) (PLA), poly (glycolic acid) (PGA), and the diverse poly (lactic-co-glycolide) (PLGA) copolymers [43]. Accepted for medical administration by both the US Food and Drug Administration (FDA) and the European Medicines Agency (EMA) [44], PLGA is a lot chosen rather than its homopolymers owing to excellent mastery of its degradability, permitting for use-specific modification. This polymer is either biocompatible and/or biodegradable, with its degradation happening via a hydrolytic volume degradation procedure, through random scission mechanism, and its spinoffs being lactic acid and glycolic acid, that are doused from biological organisms through the renal system [45]. PLGA has been processed in a diverse of morphologies, like micro and nanoparticles (NP), 3D scaffolds and fibers [45], with biomedical uses in drug delivery, diagnostics and tissue engineering [46]. Beneficial to modulate physical–chemical properties of the polymers or to incite particular responses, like magnetic or electrical conductivity, polymer composites are being fabricated for biomedical applications [46–48]. Amid the frequently utilized fillers are magnetic ones, investigated in spheres such as hyperthermia, magneto-mechanical [49], and magneto-electric influences [41], among others, and conductive fillers, researched in the field of electro-active stimuli [42]. As for magnetic fillers for polymer composites, iron (II, III) oxide (Fe3O4) is a biocompatible compound that has been evaluated for a variety of uses, from sensors and actuators to biomedicine and environmental redress [49,50]. Fe3O4 NPs present super-paramagnetic conduct at dimensions below 20 nm and is ferri-magnetic around 20 and 300 nm [51], making it fascinating for magnetically guiding the administration of stimuli in polymer-based scaffolds.
 The mature human heart is an active organ in control of blood pumping and circulation, in addition to oxygen and nutrients dispensation all over the body [52]. Cardiovascular disorders (CVDs) emanate from the irreparable harm to cardiac cells caused by death of cells and death of body tissues, being the key originator of demise and fitness economic hardships universally [53]. On damage or disease, cardiac tissues have insufficient repair capacity and are substituted by dysfunctional tissues, impacting the constrictive ability of the heart which can result to disastrous failure [54, 55]. In these instances, transplantation is needed to recuperate heart performance [56], but, it is very restricted by the accessibility of donors [56]. Cardiac tissue engineering is a prospective strategy to substitute injured parts of the heart with in vitro-engineered cardiac tissues that is a possible option to heart transplantation [56, 57]. Notwithstanding, developing completely grown cardiac tissues in vitro is still demanding [58], remarkable breakthrough has been made over the last few years concerning the advancement of useful biomaterials and biomimetic scaffolds that can be employed to cardiac tissue engineering [59–61]. In line with biomaterial's viewpoint, intelligent piezoelectric materials can create extra functionalities afar their character as under layer and subscribe towards the advancement of cell-biomaterial exchange. Especially, piezoelectric materials have the prospective to mimic the mechanoelectrical transduction structure available in cardiac tissues however they have been nearly completely investigated in bone and cartilage tissue engineering [62].
Beside the common biochemical signals furnished by bioactive factors, bioelectricity transmission, moderated by internal electrical fields and currents, plays a vital function as a biophysical signal [63–66]. In the anatomy, different kinds of tissues bestow electrically conductive and/or responsive attributes such as piezoelectricity and ferroelectricity, and hence numerous functions are controlled by electrical cues. As explained in Fig. 1, these types of tissue comprises the nervous system, heart, bone, muscle, and skin, that are engaged in the affairs of neural circulation[67–74], heartbeat functions [75–79], bone restoration 80–83], muscle contractions [84–86], and trauma healing [87–89] respectively. The nervous system, heart, and supplementary muscles are electro-active tissues/organs in the human body. Amid them, the nervous system possesses the unequaled electrical activity, which transmits cues from neurons to the targeted parts via synapses. Cardiomyocytes are the pacemaker cells of the heart and are accountable for dispatching out rhythmic stimuli. This rhythmic electrical stimulus runs via the whole heart and eventually arrives at the ventricular myocytes, and next there is mechanical activity, which is, heart pumping. Bone and skin also utilize electrical fields and also piezoelectricity to restore new tissues [64]. Internal bioelectrical cues are among the most germane signals to decide tissue function in electro-sensitive tissues and thereby play a significant function in the tissue restoration process [63]. 
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                             Fig.1: Electrical activity on the human body
Scaffolds for Tissue Restoration
Scaffolds found on electrospun electroactive nanofiber

Electrospinning is a type of high tech that is facile to handle and can be applied industrially. By using an electric field (EF) on the plane of a viscous and elastic fluid, ultra-fine fibers (having diameters varying between a few micrometers to tens of nanometers) are assembled by the theory of electrostatic repulsion [5, 65].Through altering the spinning variables and gathering processes, the arrangement and constitution of the derived nanofibers can be regulated, to the extent that the nanofibers attain the desired mechanical stiffness and grasp the directional mastery of cell behavior that can be employed for tissue engineering [6, 10]. Synthetic polymers, like poly (ε-caprolactone) (PCL), poly (lactic acid) (PLA), and poly (lactic-co-glycolic-acid) (PLGA) and natural polymers, such as collagen, gelatin, chitosan, silk have been extensively manufactured by electrospun technology for tissue reconstruct and restoration. When intermingled with electrical stimulation, two typical varieties of electrically active nanofibers are being evaluated: (i) electrically conductive nanofibers and (ii) piezoelectric nanofibers. Emanating from the conductive or piezoelectric nanofibers, biocompatible intelligent gadgets like biosensors, drug delivery devices, and nanogenerators have been advanced to further the repair of cardiac, nerve, bone, skin, and so forth.  stop
Electrically conductive nanofiber scaffolds can be developed rooted on different types of substrates varying from conductive polymers, like polyaniline (PANI), polypyrrole (PPy), and poly(3,4- ethylenedioxythiophene) reinforced with poly(styrene sulfonate) (PEDOT:PSS), to carbon-based nanomaterials, like graphene, graphene oxide (GO) and reduced graphene oxide (rGO), and carbon nanotubes (MWCNT), besides metallic nanoparticles. PANi is one of the highest favorable conductive polymers with quality biocompatibility in vitro at the same time not eliciting inflammatory responses in vivo [91–93].Carbon-based nanomaterials normally manifest exceptionally elevated conductivity, increased photothermal and mechanical properties, yet questionable biocompatibility. Conductive polymers can be forthrightly electrospun to electrically conductive nanofibers by modulating the electrospinning variables, or a messenger polymer can be blended with the conductive polymers to enhance the electrospinning potential. Once the ratio of PANi to gelatin is 6:4, the conductivity of nanofibers made by electrospinning becomes 21mScm-1 [94]. A different procedure to make conductive nanofibers is to incorporate conductive nanomaterials into the polymer matrix via doping or surface modification with conductive polymers, metal nanoparticles and carbon-based nanomaterials. 

Piezoelectric biomaterials can attain electromechanical change, converting mechanical energy into electrical energy not having an outer power source [95–97]. Alongside other piezoelectric materials, upon the application of a force through the direction of the piezoelectric coefficient of the nanofibers, ephemeral charges are produced on the two facing surfaces of the material, wherein a surface potential will be created. Responding to internal forces like muscle contraction [98], cell traction force [99], or external stimuli such as ultrasound, mechanical vibrations, and so on [100-104], piezoelectric nanofibers can convert electricity to biological network in situ, fused with the merits that it can generate biophysical and biochemical signals, fashioning them encouraging for tissue regeneration. Piezoelectric polymers that can be utilized to fabricate nanofibers via electrospinning comprises polyvinylidene fluoride (PVDF) and its copolymers, such as polyvinylidene fluoride-trifluoroethylene [P (VDF-TrFE)], Poly-L-lactic acid (PLLA), poly-b-hydroxybutyrate (PHB), poly-3-hydroxybutyrate-3-hydroxyvalerate (PHBV), and certain natural polymers, like collagen, silk, and chitin. Notwithstanding the fact that, piezoelectric polymers possess superior flexibility and more acceptable biocompatibility, their below par piezoelectric properties cause insensitivity to mechanical stimuli, that restricts their applications. The piezoelectricity of polymer mainly hinges on the crystallinity of the piezoelectric crystal phase. Thus, by doping the polymer solution with nanomaterials like carbon nanotubes or graphene, stretching, or polarizing the nanofiber membrane, the crystallinity of the piezoelectric phase can be enhanced and, as a result, the general piezoelectricity of the membrane [105]. Nevertheless, this optimization is restricted. The doping of lead-free piezoelectric ceramic nanomaterials can substantially enhance the piezoelectric properties of the membrane. Typical ones encompass barium titanate, lithium niobate, zinc oxide, gallium nitride, boron nitride, and so on.
Applications of Electro-active Scaffolds in Tissue Engineering: Electrospun Nanofiber 
Cardiac regeneration

Myocardial necrosis can result in weakened cardiac function, creating a significant waste of cardiomyocytes (CM). Waste CMs are restored by dissimilar fibrous tissue, and followed by irregular heartbeat. The narrowing behavior of CMs is modulated by the changing electromechanical milieu. Thus, electroactive electrospun nanofiber scaffolds (EENFs) are regarded as an up-and-coming alternative in cardiac tissue engineering. The single axis aligned fiber line-up can emulate the shape of natural myocardium, and the electroactive substrate can mimic the electrical-signal-transfer deportment of CMs to improve the contemporize contraction. In a study, the rGO/silk fibroin electrospun nanofibers could bear the aligned stretching of CMs with a rod-like shape and oriented sarcomere structures, permitting for the production of an aligned cardiac tissue repair with an additional strong contraction force [33]. By the application of external EF to a nanofiber scaffold cultured with cardiac cells, a greater maturation tissue repair can be created with substantial proteins connected to muscle contraction and electromechanical coupling. The activity of a nanofiber scaffold for cardiac tissue repair is mostly influenced by its electrical conductivity. Newborn rat CMs show the optimum vibrating performance on a fiber mat made of collagen (9.89%), hyaluronic acid (1.1%), and PANi (1.34%) [31]. The aligned magnetically PCL nanofiber scaffold enclosed with PVDF-TrFE can not only improve the bonding of cardiac cells, but can also preserve some cell population ratio and the pulsating of CMs, as well as accelerating the development [106].
Treatment of Nerve Wound 

The suitable strength of electrical excitement can boost neurite expansion and neural differentiation of neural stem cells (NSCs), and improve the manifestation of nerve-linked proteins, that are supportive for nerve regeneration. Taking into account the electrophysiological features and framework of the nervous system, an appropriate EENFS should have electrical attributes and particular morphological properties to direct cell behavior and improve neuronal enterprise. The nerve pointer conduit (NPC) is applied as a viaduct to link the adjacent and lateral boundaries of injured nerves to repair surrounding nerve injury. Nerve channels bestowed with electrical activity have a superior therapeutic result [106,107]. The migration, proliferation, myelination, and manifestation of the myelin-definite gene of Schwann cells on poly (L-lactic acid-co-ε-caprolactone) (PLCL) nanofibers covered with rGO were remarkably improved [108]. Electrical stimulation additionally fosters the neural differentiation of PC12 cells on conductive scaffolds. NGC rooted on EENFSs could boost the regeneration of rat sciatic nerve wound, with outcomes comparable to autologous transplantation. PPy was also applied as a covering of electrospun PLCL scaffolds. Upon electrical stimulation (100 mV/cm), regeneration of injured rat sciatic nerve was stimulated, nerve conduction velocity and lateral compound muscle exertion prospects were also enhanced [108]. 
EENFSs have also been used for the repair of spinal cord wound by enhancing axonal stretching and neuron cell reconnection. When conductive PPy was infused in PLA nanofibers, contrasted to the insulating category, the conductive nanofibers exhibited a greater 21–point Basso, Beattie, and Bresnahan (BBB) open-field movement class and improved electrophysiological output in transected rat spinal cord model [109]. Nerve growth factors can also be added in micro-patterned conductive nanofiber scaffolds as biochemical signals. During electrical stimulation, the topographical and electrical signals synergistically stimulate the proliferation, direct neuron differentiation of NSCs, and enhance neurite stretching [54]. Piezoelectric polymers have been employed to modulate the direction of neurons and neurite protrusion devoid of the use of outside energy sources [110,111]. By altering the microstructural features of the electrospun piezoelectric fiber scaffolds PVDF and PVDF-TrFE, it can give more broad mechanical transduction and electrical properties for dorsal root ganglions. Through modulating cell activity, which influences cytoskeleton morphology and mechanical transduction signals [112], the stress fibers in nerve cells are produced and activated Yes-associated protein (YAP) nuclear localization, prompting improved neural differentiation. An outside EF is applied as a non-invasive method to provide electrical stimulation to remedy brain damage and neurodegenerative ailments [113]. The power density and period of the electrical stimulation as well as the growth periods of the hippocampal neurons, contribute to the variations in the neuronal feedback to the EFs [114]. Presently, the application of combined electrical stimulation and EENFS for brain damage therapeutics is still scarce, but could be a potential and interesting research theme in the future. V15
Piezo–and Magneto-Active Biomaterials and Structures
Electroactive polymers like poly (vinylidene fluoride) (PVDF) and poly (L-Lactic acid) (PLLA) are being processed into scaffolds with different shapes and sizes, such as microspheres [115,116], membranes [117-119], fibers [120-122], and three dimensional (3D) scaffolds by various techniques [123] like electrospray, solvent casting and electrospinning procedures (Fig. 2). Lately, attempts are being focused on the evolution of magneto-active biomaterials via the addition of magnetic particles for tissue engineering [124]. Scaffolds rooted on microspheres have gained surging cognizance for biomedical applications and boost for cell growth and differentiation [115, 125]. Piezo- and magneto-active microspheres can be synthesized by various processes like phase separation or precipitation, emulsion/solvent evaporation and electrospray [115]. The difference in the processing parameters mostly permits the mastery of the particle size and size distribution. PVDF microspheres with an unrough surface and a mean diameter between 800 nm up to 7 μm have been achieved by electrospray process, where microspheres are made employing a polymer solution in an adequately conductive solvent [115, 126]. In the electrospray procedure, relying on the solution variables such as solution concentration, viscosity and surface tension and the processing variables such as flow rate, needle diameter, distance of needle to collector, and applied voltage, a constant and charged jet can be run down into droplets, ensuing in microspheres of various sizes [127]. This approach may defeat the setbacks linked with traditional particle-creating strategies like solvent casting, single and double emulsion, spray-drying, porous glass membrane emulsification, and coacervation [127]. Scanty studies have been described on PVDF and PLLA magneto-active microspheres.
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Fig. 2: (a) neat (b) magnetic PLLA microspheres gotten by oil-in-water emulsion (c) random and (d) oriented PPLA fibers achieved via electrospinning; PVDF 3D scaffold gotten  by (e) solvent casting/NaCI particulate leaching, (f) solvent casting and nylon template and (g) freeze extraction.
Magneto-active PVDF microspheres gotten via this process implanted magnetostrictive particles like cobalt ferrites (CoFe2O4) nanoparticles into the PVDF sphere matrix are chiefly in the β-phase (around 65% and 85%) [126]. It is noteworthy that electrospray does not permit a precise mastery of the sphere size [128]. From an emulsion-solvent extraction/evaporation process it is tenable to achieve biodegradable piezo- and CoFe2O4 composite PLLA-based microspheres with manageable size and diameters spanning from 0.16 to 3.9 μm for neat PLLA and between 0.8 and 2.2 μm for the composite microspheres [128]. Specifically for neural and muscle usage, tissue engineering fibrous scaffolds have been fabricated to reinforce and direct the lengthwise cells distention along their natural axis of development [129]. Aligned and irregular electrospun fibers with miniature pore size, density and large surface area can be achieved via electrospinning, identically to the electrospray process, when solution viscosity is large enough (ranging from 650–2500 cP) [130]. 
The electrospinning method makes for effectively achieving PVDF and PLLA irregular and aligned fibers employing a static and a rotating collector, respectively, with a mean diameters spanning from ~500-900 nm [122, 131]. As stated by [123], PVDF irregular electrospun fibers show a β phase content about 50%. Raising the rotation speed of the collector from 500 to 2000 rpm, the fraction of β phase surges and may span from 50 to 85 % owing to the larger stretching of the jet in the electrospinning method. Moreover, the incorporation of magnetostrictive nanoparticles into the polymeric PVDF solution permits the processing of magnetoelectric fibers with a mean fiber diameter of ~325 nm [132]. As stated by [133], relying on solvent and electrospun processing variables, it is likely to alter the prevalent crystalline phase creating fibers chiefly consisting of α or trans-state β or γ phases. The crystallization process of PVDF exclusively in the β phase can be achieved via high voltage or high stretching ratio of the jets and a rotating collector. Besides, the processing conditions and solvent utilized affect the crystalline fraction and other characteristics like fiber mean diameter, specific surface area, surface tension and mechanical properties [122, 133]. 
3-dimensional porous scaffolds have been achieved via solvent casting/salt leaching, phase separation, gas foaming, gel casting, precipitation and emulsion freeze–drying [123]. The chief advantages of these pore interlinked scaffolds are connected with their ability to accelerate improved interaction between cells and tissues, transport of metabolite and nutrients and a suitable conveyance of biochemical/mechanical and or electrical signals resulting to the stimulation of both cells and tissues [123]. Electro-active β-PVDF 3D scaffolds with various porous sizes, architectures and pore interconnectivity have been gotten via solvent casting/particulate leaching (300 to 400 μm) and employing a nylon template (~60 μm or ~150 μm). Additionally, freeze extraction processes with a PVA template boosts the evolution of porous scaffolds with means diameters of ~300 and 500 μm, being the porous mean diameters in the same span of the sacrificial material. Therefore, the difference of the ratio of the salt into the solution and the distance of the filaments of the template permits to regulate the pore size of the scaffold [123]. An identical process, such as liquid-liquid phase separation with freeze extraction is applied to process PLLA scaffolds with interlinked pores with pore size spanning from 20 to 60 μm [134].
Tissue Engineering Rooted on Piezo-and Magneto-Active Biomaterials
Smart polymers have been employed in several tissue engineering applications like bone, neural and muscle tissues [135]. Specifically, piezoelectric and magneto-active polymers have been applied in various morphologies and with varying cell type. However, majority of these studies were carried out in static conditions. The piezoelectric and magneto-active influence is only demonstrated when the dynamic conditions (either mechanical or electrical) are used (Table 1), or else, just the appropriateness of the materials and the importance of the surface charge, when the material is poled, are illustrated.
PVDF and its copolymers is the piezoelectric polymer majorly employed for tissue engineering applications owing to their higher piezoelectric feedback. Especially, majority of the researches reporting cell response in dynamic stimulation apply PVDF as a reinforcing material for the cell proliferation and differentiation. Rodrigues et al. presented that β-PVDF positively charged films create a favorable environment for improving the evolution and differentiation of goat marrow cells into osteoblast in dynamic conditions, demonstrating a perfect buttress for the seeding and the development of undifferentiated cells towards a sought phenotype [136]. The composite of biochemical and physical stimuli can pilot to a promising approach of a biomimetic microenvironment present in the human body. Ribeiro et al. demonstrated that PVDF negatively charged films [137] in dynamic conditions, more fitly mechanical stimulation, led to improved osteogenic differentiation of human adipose stem cells, which was established by higher alkaline phosphatase activity [138]. In the presence of PVDF films, MC3T3-E1 pre-osteoblast cells exhibited different responses. In the presence of positively charged β-PVDF films and in mechanical stimuli, a larger osteoblast adhesion and proliferation was noticed [139]. These results were established with in vivo studies where β-PVDF films were embedded in a bone fault, demonstrating remarkably more flaw closure and bone remodeling. In this case, the mechanical solicitations are achieved via the rat migrations [140]. Further piezoelectric polymers have also been employed such as collagen type I where the researches demonstrated that the 3-D samples mechanically stretched boosted the proliferation and differentiation of human osteoblastic precursor cells owing to the surge of genes expression connected to the early and late phases of osteoblastic differentiation [141]. 

In relation to nerve regeneration, it has also been revealed that PVDF and poly (vinylidene fluoride-trifluoroethylene) (PVDF-TrFe) in dynamic conditions accelerate cell proliferation and differentiation. Preceding studies reported by [142] showed that poled PVDF raises the percentage of differentiated neurons of mouse neuroblastoma cells and respective neurite lengths after 96 h of cell culture with both media conditions. These outcomes have been also substantiated with PVDF-TrFe [142]. Composites are also employed. Therefore, nerve stem cells cultured on PLLA nanofibers with PANI brought about an enlarged neurite outgrowth when electrically stimulated at the same time compared to the cells grown on non-stimulated scaffolds. Guo et al. noted that polyurethane/poly (vinylidene fluoride) (PU/PVDF) made by electrospinning have an effect on wound therapeutic. When the cells were excited by piezoelectric influence, the adhesion of the fibroblasts (NIH3T3) was improved and as a consequence, higher mRNA and protein expression degrees than the control scaffolds were manifested [143]. 

A new strategy for tissue engineering applications has been obtained with biomaterials with magneto-active feedback. The researches were actualized with MC3T3-E1 pre-osteoblast cells and magneto-active Terfenol-D/PVDF-TrFe composites. These biomaterials promote ≈25% of cell proliferation when the cells are cultured in mechanical and electrical stimulation a bit activated by the application of a diverse magnetic field. For muscle regeneration, it was already demonstrated that the surface charged improved the cell proliferation [144]. Nevertheless, to date, the study in dynamic conditions with piezoelectric biomaterials has not yet been conducted.
Table 1: Biomaterials, cell culture conditions and cells employed for various applications

	Biomaterial
	Conditions
	Cells
	Applications
	Ref.

	PVDF 

positively 

poled
	-Mechanical stimulation

-Mechanical stimulation in vertical vibration

-Frequency = 1 Hz

-Amplitude approx. 1mm
	Goat marrow

MC3T3- E1

pre-osteoblast
	      Bone
	[136]

[139]

	PVDF 

Negatively

poled
	-Mechanical stimulation in vertical vibration

-Frequency = 1 Hz

-Maximum amplitude approx. 1mm
	Human adipose stem
	
	[138]

	Terfenol-D/P(VDF-

TrFE)
	-Magnetic stimulation; 

-Active time = 16 h (10 min of active time and 20 min of repose time); 

-Non-active time = 8 h; 

-Frequency = 0.3 Hz; 

-Displacement of permanent magnets ≈ 20 mm; 

-Maximum value = 230 Oe; 

-ME voltages = 0.115 mV. 
	MC3T3-E1 pre-osteoblast 
	
	[141]

	Collagen Type 1
	-Stretched cyclically along the long axis 

-Frequency = 1 Hz 

-Magnitude = 10,000 μstrain (1%) 

-Number of cycles = 1800 

-Time = every day for 30 min over a period of 3 weeks. 
	Human osteoblastic precursor 
	
	[141]

	PVDF and PVDF-TrFe
	-Sinusoidal output (vibrational forces); 

-Peak voltage ≈ 2.5mV; 

-Frequency = 1200Hz 

-Standard incubator shelves 
	Mouse neuroblastoma 


	        Nerve
	[142]

	PLLA/PANI 


	-A silver electrode and a platinum electrode were inserted to opposite ends of the nanofibrous scaffold; 

-Constant voltage = 1.5 V; 

-Time = 60 min; 

-Electric field = 100 mV/mm. 
	Nerve stem 

     cells 


	
	

	PU/PVDF 


	-Intermittent deformation of 8% 

-Frequency = 0,5 Hz 
	NIH3T3 


	      Wound 

      therapeutic


	[143]


Stimuli Responsive Scaffolds (Piezoelectric) vs. Passive   polymers-12-00161
It is commonly discerned that the tissue engineering scaffolds should copy natural living extracellular matrix (ECM), possessing similitude to a feasible extent to the innate tissues they are supposed to restore with regard to the chemical composition, morphology, physical and mechanical properties, in addition to biocompatibility and biodegradability. Thoroughly, the basic prerequisites, that require to be considered in scaffold designing include: scaffold biocompatibility, suitable degradation time in the situation of biodegradable substances, the attending of interlinked pores in a suitable size range, scaffold thickness, mechanical properties, and comfort of application during a surgical approach [145, 146].

It is prominent that extracellular matrix is a very active structure it is continually being renewed, either enzymatically or non-enzymatically, and its molecular components are put through numerous modifications. Nonetheless, majority of the latest artificial scaffolds persist passive, meaning non-stimuli responsive to the outside swap of the environment (static scaffolds) [147]. Furthermore, traditional static scaffolds, still conductive, mainly perturb the natural signaling channels, owing to their toughness towards the signal transmission. Therefore, there is a dire demand for smart, stimuli responsive scaffolds that can produce and convey the bioelectric signals similar to the native tissues for appropriate physiological roles. Piezoelectric substances can produce electrical signals in response to the administered force, which can be foisted even by attachment and migration of cells or body movements [148]. Employing piezoelectric substances as tissue engineering scaffolds permits electrical activation in the absence of electrodes, an outside fount of electricity, or embedding batteries. Analogous scaffolds should have adequate construction and mechanical properties as well in order to boost cell adhesion, proliferation, and differentiation. The dimension of pores must be manageable and regulated so as to allow diffusion of the metabolite, likewise for pertinent cell adhesion to the biomaterial. Ninety percent void fraction and a pore size in the span of 10–100 µm appear to be acceptable for neuron development. Scaffolds designated by 85–90% void fraction may be gotten via the electrospinning approach [149]. Said porosity is described as boosting cellular migration and regulated diffusion of cells, metabolites, and medium, being essential for cells organization, differentiation, and continuity [150,151].

Accessing a scaffold which is biocompatible, biodegradable, conducting, and immune to infection so as to provide neurite outgrowth is a multiplex undertaking [152]. Prosperous nerve regeneration needs tissue engineered scaffolds not only for mechanical buttress of  developing neurites and hindrance of the in-growth of fibrous scar tissues, but also to dispatch biological clues to direct the axonal growth cone to the lateral trudge. Polymers are commonly those materials that have been substantially used for producing acceptable scaffolds for neural tissue [153].
Application of Piezo-magneto-active Biomaterials in Neural Tissue Engineering
Piezoceramics polymers
The first studied piezoelectric substance class is the piezoceramics. The earliest applications were chronicled as far back as 1950, and thereafter, they have been extensively used in the industry [154]. Wersing et al. [155] performed the pathfinder research on porous piezoceramics, in addition offered the fundamentals in the hypothesis and inceptive measurements [156]. At present, there is a high demand for lead-free piezoelectric materials, yet the major practical ceramics are yet found on lead zirconate titanate. Rat cortical neurons cultured on PZT slides coated with poly-L-lysine extend markedly longer axons, in spite of a reduction in cell number. Moreover, the frequency and amplitude of the excitatory postsynaptic currents surged, implying that piezoelectricity could have increased neuronal activity [157]. It is important alluding that piezoceramics are employed for medical applications, particularly medical actuators, transducers, and sensors. Owing to allergic reactions, piezoceramics are not applied in pure solution for medical implants. The ingenious systems for medical usages are complex based on polymer matrices, having ceramic fillers, in the form of fibers [158-160]. To obtain bone malady reconstruct, Lopes et al. [161] added barium titanate nanoparticles into polymer matrix, which triggered somewhat high voluntary polarization. Furthermore, this system is defined by lower weakness and can be employed as electroactive scaffolds [162].
Barium Titanate

The earliest piezoelectric upshot in ceramics were unearthed in poling of barium titanate (BT) and led to the extensive use of this material class, also as an inclusion in scaffolds, specifically in medical applications [163,164]. Piezoceramics found on barium titanate show reduced toxicity juxtaposed to lead rooted piezoelectric materials. For their excessive strain, they are included in the majority of researched groups of piezoceramics. BT nanoparticles have exhibited cytocompatibility, even at greater concentrations of 100 µg/mL [165]. Ciofani et al. [166] showed that PLGA matrix with the inclusion of BT nanoparticles reinforces the cell proliferation and attachment of osteocytes and osteoblasts. On top of that, the addition of barium titanate nanoparticles into the polymeric matrix enhances the mechanical properties of the combined scaffold [167] and stimulates cellular activity in tissue engineering applications [168].
Boron Nitride

Boron nitride (BN) rooted nanomaterials play a considerable part in nanotechnology due to their conductivity, mechanical strength, and high thermal stability [169, 170]. The popular boron nitride piezo-materials are in the dimensions of nanotubes, and with greater cytocompatibility, they can be applied in tissue engineering [171] and drug delivery, owing to their large piezoelectric properties [172-176]. It has been demonstrated that boron nitride nanotubes have a positive impact on the adhesion of cells [177]. Among all the features of boron nitride nanotubes (BNNTs), their outstanding piezoelectricity is the most essential for applying them as nanovectors to transmit electrical or mechanical clues within cells [178].
Zinc Oxide

Zinc oxide (ZnO) rooted piezoceramics are extensively used owing to their asymmetric hexagonal wurtzite structure and polar crystal surface. They have found usage as piezoelectric nanogenerators, resulting from the ease of fabrication [179]. ZnO in the shape of nanostructures is biocompatible [180]. It has been proffered that with ZnO dimension, its cytotoxicity expands, which has an effect on the degrees of reactive oxygen species, lowers the mitochondrial membrane potential, and causes the production of interleukin in human cells. Furthermore, it has been shown that chemical modification can hinder toxicity, affording a means for utilization in biomedical applications [181, 182].
Piezopolymers

Piezoelectric polymers are a somewhat current group of materials permitting the formation of electrical charges under mechanical activation in the absence of extra energy sources or electrodes [183]162. Correspondingly, which is very vital from the biomedical perspective, polymers are capable to attain the conditions of biocompatibility and biodegradability, which is very critical for new types of implants in regenerative medicine [184]163. Moreover, their huge merit is the very large processing flexibility, which distinguishes them from inorganic materials [185].
Synthetic Polymers

Polyvinylidene Fluoride

In the midst of numerous piezoelectric polymers, PVDF is widely researched, basically as a result of its large piezoelectricity, process ability, favorable chemical resistance, thermal stability, and improved mechanical properties as juxtaposed to other piezoelectric polymers. PVDF may subsist no less than five crystalline polymorphic phases, among which the β-phase exhibits the greatest piezoelectricity, which attains 20 pC/N [186, 187]. PVDF macromolecules may assume different chain conformations and arrangement of CH2–CF2 molecular dipoles, giving rise to various net dipole moments [89-94]. A powerful electric moment in the PVDF monomer unit results from the buff electro-negativity of fluorine atoms as compared to hydrogen atoms. In the situation that polymer chains are arranged into crystals to form parallel dipoles, the crystal possesses a non-zero net dipole moment. Such a molecular arrangement is noticed in the β, γ, and δ phases, the initial one exhibiting the strongest dipole moment, owing to the all-trans conformation. In the case of certain chain conformations: TGTG- and T3GT3G-, parallel dipole moment arrangement, as in the δ and γ phases, respectively, results to reduced polarity; in the situation of the identical conformations, antiparallel chain dipole arrangement results to the zero net dipole moment as observed in the α and ε phases [188].
The piezoelectricity of PVDF is phase content reliant, which pivots on the processing parameters. Attaining a specific crystal phase is feasible using different tracks, entailing melt or solution crystallization, heat treatment at high pressure, mechanical drawing, or electrical poling. The existence of polar phases is very necessary, specifically, owing to its bioelectrical impact of the stimulation of the nervous system, having potential for productive tissue regeneration [189, 190].  Regarding the most polar β-phase, it may be achieved, for instance, by heat treatment at very high pressure from the α-phase, by poling at a very high electrical field from the α-phase or δ-phase [191] or drawing from the γ-phase [192]. Concerning increase the content of polar phases, many procedures are described: melt-recrystallization [193], poling in a high electric field [194], using of high pressure [195], mechanical stretching [196], and the incorporation of nanoparticles, graphene, and nanowires [197]. 

The need to use PVDF in piezoelectric scaffolds for tissue engineering requires the usage of fabrication methods that permit having the correct morphology and high polar phase loading accountable for the high piezoelectricity [198]. Among the encouraging production methods to satisfy both assumptions is the electrospinning process. Numerous publications were committed to electrospinning of PVDF nanofibers from solution [199], deciding the influence of processing conditions on the morphology and properties of nanofibers and the characteristics of nonwoven nanofiber [200]. The content of the β-phase in PVDF was evaluated from the standpoint of the applied voltage and revolution speed of the rotational collector. The collector revolution speed links to the mechanical distortion, which is studied to advance the formation of the polar phase [201]. Liu et al. [202] formed nanofibers with various revolutions speeds of the collector: 900, 1100, 1300, 1500, 1700 and 1900 rpm. XRD diffraction revealed a peak about 20.6–20.9 deg, which is affiliated to the β-phase, while the α-phase peaks vanished. They obtained piezoelectric PVDF fibers with a miniature diameter, even surface morphology, and suitable β-phase at a velocity of 1900 rpm. Current studies underpin the perspective that rising of the rotational speed of the collector prompts a greater content of the piezoelectric β-phase [203-205]. 

The hydrophobic character of PVDF is a complicated matter in neural tissue engineering. In order to mitigate it, various studies have been performed. In order to improve the hydrophilic in addition to the mechanical and electrical properties, PVDF has been changed by the inclusion of divergent nanostructures: nanoparticles [206-208], inorganic nanoparticles [209,210], nanotubes [211], and also by the incorporation of various polymers like polyethylene glycol (PEG) [212] and polyvinyl alcohol (PVA) [213]. The inclusion of nanoparticles mostly metallic types enhances the chemical, physical, and optical properties [214], while diamond nanoparticles have no remarkable effect on neuroblastoma cell morphology [215]. The addition of these nanostructures into a polymer piezoelectric scaffold can certainly influence the nerve tissue. Moreover, modification of the surface can enlarge the neuron length and number of synaptic associations [216, 217]. 

A study [218] evaluated the piezoelectric scaffolds’ prospective for stimulating in vitro neural differentiation of human neural stem cells, therefore displaying their appropriateness in neural tissue engineering. The authors in [218] protracted the above investigations by applying mechanical vibration, while producing electric fields to impel the piezoelectric influence in piezo-polymers. The activation of the piezoelectric influence can be accomplished by selecting several sources of mechanical stimulation, such as vibration plates, sound, and ultrasound (US) [219, 220]. Another study [221] evaluated the effect of the piezoelectric PVDF substrate on reinforcing neural differentiation under dynamic stimulation. The outcomes demonstrated that the applied ultrasonic waves were adequate to incite polarization in piezoelectric PVDF sheets and culminated in differentiation of PC12 cells. Piezoelectric PVDF can control neuronal differentiation and neurite bulge of mouse neuroblastoma cells [221]. Electric fields have been proven to control the development and direction of neurons in vitro, since the electric field was produced through electrodes [222]. Certain investigations have been described favorable neural stimulation in numerous piezoelectric systems, mostly piezoelectric micro- and nano-fibers [223,224].

It was demonstrated that the long term application of piezoelectric stimulation on neurons prompts the number, length, and branching of neural cells with regard to non-stimulation circumstances. No influences on neurite regeneration were seen when vibrations were applied to non-piezoelectric materials (e.g., mechanical stimulation of neurons) [225-227].
Poly-Vinylidene Fluoride-Trifluoroethylene

Amid the piezoelectric substances this copolymer exhibited the greatest electroactive properties with a piezoelectric coefficient as high as 30 pC/N [228]. PVDF-TrFE forms the β-phase via copolymerization in the absence of mechanical extension or drawing [229]. In the case of additional heat treatment, mechanical drawing, or electrical poling, it is feasible to greater surge the crystal nature and arrangement of the CF2 dipoles, thus inducing greater piezoelectricity in contrast to homopolymer PVDF, hingeing on the TrFE content [230]. Electrospun PVDF-TrFE fibrous scaffolds demonstrated increased crystallinity and β-phase content in contrast to the originating powder material for neural and bone tissue engineering [101-104]. PVDF-TrFE and barium titanate piezoelectric composite membrane has been described as a charge creator to stimulate bone regeneration [106].
PVDF-TrFE piezoelectric fibrous scaffolds were utilized to investigate their effect on neural reconstruct. Several studies reported a positive effect of PVDF-TrFE scaffolds on nerve cell development and differentiation [231]. Lee et al., [114] produced a PVDF-TrFE piezoelectric electrospun scaffold with various orientations of the fibers, scattered and ordered. It was proved that the scaffold with ordered fibers gave the highest potential in neural tissue engineering, mostly in neurite outgrowth of dorsal root ganglion neurons. It was noticed that PVDF-TrFE scaffolds can stimulate the formation of mature neural cells showing neuron-like characteristics, while ordered fibers can reinforce primary neuron extension and can guide the neurite outgrowth [232].
Nerve direct channels may be assembled using PVDF-TrFE for neural regeneration [233]. In this research, poled (negatively charged and positively charged) and unpoled channels were employed. After the duration of four weeks, it was noticed that the positively poled channels spiked the number of regenerated nerves. In muscle regeneration, the charge at the periphery of PVDF films controls the cell proliferation [234]. However, till date, studies with specific dynamic situations for piezoelectric PVDF-TrFE with mechanical or electrical stimulation have not been carried out.
Poly-3-Hydroxybutyrate-3-Hydroxyvalerate

Poly-3-hydroxybutyrate-3-hydroxyvalerate (PHBV) is a polyester with a reduced piezoelectric coefficient (1.2 pC/N) [235]. It is a thermoplastic made by various bacteria as an intracellular supply of carbon and energy. PHBV is also biodegradable, biocompatible, and shows copious mechanical properties, which permit using PHBV as a scaffold in biomedicine and as a biosensor [236, 237]. PHBV has a similar piezoelectric potential to that of bone which can hasten bone growth and healing [238,239]; therefore, it can be used in the form of a composite with the inclusion of hydroxyapatite for bone tissue engineering. PHBV has been investigated for neural tissue engineering, as a booster for neuronal cell growth and axon dendrite polarization [240]. In the form of electrospun ordered PHBV fibers, with the incorporation of collagen, it can be applied as a substrate for nerve tissue engineering [241-243].
Poly-L-Lactic Acid

Poly-L-lactic acid (PLLA) is a biodegradable and biocompatible polymer, having a piezoelectric coefficient of -10 pC/N [223]. Fukada et al., illustrated that inculcation of PLLA can foster bone growth in the response of its piezoelectric polarization [93]. PLLA with a structure identical to native ECM may be employed as a biomaterial in numerous biomedical applications [245]. Ordered PLLA nanofibrous scaffolds coated with graphene oxide stimulate neural cell growth [246]. Lastly, the inclusion of iron oxide nanoparticles contributes to extending neurites besides electrospun PLLA microfibers [247, 248].
Natural Biopolymers

Natural polymers are receiving more attention in tissue engineering owing to their biodegradability and non-toxicity. Generally, various biopolymers show piezoelectricity. For example, we show some polysaccharides and proteins with somewhat strong piezoelectricity.
Cellulose

Cellulose having a piezoelectric coefficient of 0.10 pC/N is a widely researched natural polymeric material. Cellulose is a linear homopolymer of glucose with great biocompatibility [249-255]. It is used in various shapes and forms such as membrane sponges, microspheres, and non-woven, woven, or knitted textiles. Cellulose has been studied in the tissue engineering of bones [256,257], cartilage [258], for connective tissue formation [259], as a drug delivery system [260], and as a scaffold for developing functional cardiac cell repairs in vitro [261]. One of the essential derivatives of cellulose is methylcellulose (MC), showing in general acceptable solubility in water, exceptionally at low temperatures, being reliant on the degree of methyl substitution and the distribution of methoxy groups. As a whole, these data show that MC is convenient as a biocompatible injectable scaffold for the reconstruct of brain faults [262-264]. Gelatin coated nanoparticles held in cellulose acetate/PLA scaffolds demonstrated higher cell feasibility compared to uncoated scaffolds, and they behaved as a nerve guidance channel for sciatic nerve flaws in vitro and in vivo [265], whereas a gelatin/chitosan/PEDOT hybrid scaffold improved the neurite growth of PC12 cells and stimulated neuron-like cell adhesion and proliferation [266].
Chitin and Chitosan

Chitin is a natural polysaccharide having a piezoelectric structure with a low piezoelectric coefficient spanning from 0.2 to 1.5 pC/N [267]. It is a natural component of the cuticles of crustaceans, insects, and mollusks. Therefore it is hydrophilic and biocompatible chitin is used in biomedical applications, stimulating cell adhesion, proliferation, and differentiation [268]. Chitosan is a biodegradable and biocompatible linear polysaccharide synthesized by partial deacetylation of chitin. It has been widely studied for the production of porous scaffolds for cartilage tissue engineering [269]. But, the poor mechanical properties of scaffolds made from chitosan render its clinical application difficult. A valid procedure to surmount chitosan’s limitations is to mix it with synthetic polymers [270-273]. Skop et al. designed biocompatible chitosan microspheres for the dispatch of neural stem cells and growth factors for CNS wounds [274]. Another team designed chitosan particles filled with the drug piperine, recorded to have neuroprotective prospect for Alzheimer’s disease that strongly earmarked peculiar sites of the brain [275]. Chitosan nanoparticles have also been produced for intranasal delivery of healing agents to the brain [276, 277]. Ordered PCL/chitosan fibers boost PC12 cells adhesion and development, improving neurite extension across the fiber direction [278]. PLGA/chitosan scaffolds guided neuronal differentiation for surface nerve regeneration either in vitro or in vivo [279, 280].
Collagen

This is a natural piezoelectric material having a piezoelectric coefficient spanning from 0.2 to 2.0 pC/N [281]. Study has been reported on the application of collagen scaffolds in bone therapeutic [282-285]. Moreover, collagen-calcium phosphate composites have been investigated for cartilage tissue engineering [286]. In the same vein, collagen-hydroxyapatite piezoelectric composite scaffolds have been demonstrated to be appropriate for cellular growth [287]. Collagen scaffolds with the inclusion of chitosan have been analyzed in adipose tissue regeneration. Adipocytes were seeded, and the in vitro cytocompatibility and in vivo biocompatibility of scaffolds was established experimentally [288]. An engrossing application of collagen is entubulation, therefore the use of magnetically ordered type I collagen gel, obtained by exposing the forming collagen gel to a high strength magnetic field, as a filler for collagen tubes. This approach was successful in small surface nerve lesions, enhancing nerve regeneration remarkably in a 6 mm nerve band in mice [289] and directing neurite extension and Schwann cell invasion in vitro [290] and in vivo [291].
Conclusions and Future Perspectives

Curently, smart materials have been of immense interest for scientists and physicians, due to the numerous opportunities to apply them as prospects for advancing the future generation of biomedical devices, transient implants, and drug delivery medium. Taking into account smart scaffolds for tissue reconstruct and regeneration, piezoelectric substances have lately been of specific interest as they can convey electrical stimulus in the absence of an outside power source. There is no gain saying that the bioelectric clues generated by piezoelectric scaffolds can restore and reconstruct the tissues by established channels identical to the natural procedures happening within the native extracellular matrix (ECM). The combination of morphology in collaboration with the chemical, mechanical, and electrical properties of the scaffolds is pivotal to the breakthrough in tissue regeneration. Electrical charges are specifically paramount in neural tissue engineering, in which electric pulses can promote neurite directional protrusion to occupy gaps in nervous tissue injuries. There is no fear that the point of view of the wider application of piezoelectric scaffolds as smart materials for neural tissue regeneration is of great significance, authorizing circumventing conventional (invasive) electrical stimulation. It was demonstrated not long ago in in-vitro situations that the deformation of the piezoelectric scaffolds either through mechanical or ultrasound stimulation resulted to neurite extension and improved cell adhesion and proliferation. Notwithstanding, one should be informed about that most of the modern experiments employing piezoelectric scaffolds were carried out without such stimulation, which does not result to piezoelectricity and ensuing electrical charges. In such a situation, the only charges that can be smart from the cellular point of view are peripheral charges owing to lasting polarization, as well as connected to temporary deformation created by the shrinkage and outgrowth of the attached cells. However, it is critical from the point of view of experiments with piezoelectric scaffolds to mimic the in vivo circumstances with internal macro- and micro-deformations through in vitro situations using mechanical (ultrasounds) perturbation, permitting achieving a real piezoelectric feedback. The next issue in the field of piezoelectric scaffolds is connected to the non-biodegradability of the polymers demonstrating the highest piezoelectric coefficients, which are PVDF and its copolymers. As a consequence, scrutiny should be concentrated on biodegradable piezoelectric polymers such as PHB or PLLA. An enthralling surrogate which should be investigated in time to come is linked to the composite scaffolds containing an electro-conductive polymer such as PANi in addition to a piezoelectric polymer. It was demonstrated that the incorporation of an electro-conductive polymer to the piezoelectric matrix culminated in an increase in piezoelectricity. This type of composite scaffold should be taken into consideration, when reasoning about biodegradable piezoelectric polymers with initially considerably moderate piezoelectricity.
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