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Abstract

:

In the field of tissue engineering, electrospinning is a versatile technique that provides nanofibers with structure similar to that of the extracellular matrix owing to their flexible functionalization. Considerable developments in electrospinning have been made to produce engineered electrospun nanofibers for different biomedical applications. Various biopolymers possess good biocompatibility and biodegradability and are nontoxic in nature. Modification of these biopolymers can enhance or elicit certain properties. One technique of modification is the incorporation of certain inorganic ions or components that can enhance its specific functional characteristics such as mineralization, osseointegration, and bioactivity. Incidentally, calcium phosphate (CaP) materials have proven to be suitable and versatile for biopolymer incorporation and exploration because of their inherent bioactivity and being key mineral constituents of bone and teeth. The addition of CaP materials to polymers enhances cell infiltration, differentiation, and biomineralization. We aim to provide a broad overview of CaP material (particularly hydroxyapatite (HA))-incorporated electrospun nanocomposite fibers and their possible applications in tissue engineering. Some key polymer/HA composites were discussed in detail, and a brief discussion on other polymer/HA composites was also provided. Finally, we discussed the future perspectives of this interesting and emerging composite material fabricated via electrospinning.
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1. Introduction


Calcium phosphate (CaP) is the key inorganic constituent of teeth and composes approximately 60% of human bone. It has been used for a long time in dental and orthopedic applications owing to its inherent biocompatibility [1,2,3]. CaP compounds encourage osteoblast differentiation, which helps bone cells to grow on implanted materials [4,5]. Its biodegradation rate is also appropriate and can be completely replaced by new bone tissues during the process [2,6]. There are various CaP minerals, and the main examples are α-tricalcium phosphate (α-TCP), β-tricalcium phosphate (β-TCP), hydroxyapatite (HA), biphasic calcium phosphate (BPC), and whitlockite (WH), which enable bone tissue development by assimilating well with adjacent tissues [7,8,9]. Therefore, these mineral components are normally used in dentistry and orthopedic areas as fillers. Furthermore, because of its superior bioactivity, it is also used as a coating material for metallic or polymeric implant materials [1,10]. The bioactive characteristic of CaP comes from its physical and chemical characteristics. The bioactive features of many crystalline CaP compounds have been studied and reported in the literatures. Figure 1 shows the crystalline structure of some of the CaP compounds mentioned above. Although CaP, as a raw material itself, has been generally used for bone regeneration and repair, CaP composites with other bioactive materials showed better utilization according to various studies [11]. It includes bioactive coating material for implant application, altering the mechanical properties, controlling biodegradability, and encapsulating biomolecules and drugs.



Similarly, biocompatible polymers are used in various biomedical applications owing to their inert and hydrophobic nature, and their inability to biodegrade. Depending on their molecular weight, these polymers can be used in various medical applications, wound dressings, implant materials, tissue regeneration, and suture materials [10,16]. Alternatively, biodegradable polymers are preferred and have applications in numerous fields owing to their excellent biocompatibility, nontoxicity, and bioresorbability. As biodegradable polymers degrade and disappear after they serve their functions, they reduce the risk of other surgical procedures [16,17]. For tissue engineering applications, it is vital to know how foreign elements interact with tissues and provide suitable bio-interfaces that can be accepted by host tissue. In this context, new emerging materials called nanohybrids or nanocomposite materials have paved the way for altering the molecular-level interactions of different constituents to produce new and distinctive functional materials with enhanced properties. Recently, the composition of inorganic and polymer hybrid or composite materials has attracted considerable attention as a promising biomaterial, owing to its tunable mechanical properties, biocompatibility, flexibility, low toxicity, and biodegradability. Thus, the combination of CaP compounds with polymers can be adjusted to emulate the structure and properties of bones. By controlling the percentage of the concerned materials, the desired mechanical properties and bioactivity can be achieved [6,10,18].



Numerous approaches have been developed for producing polymer nanocomposite fibers, mostly based on wet, dry, melt, and gel spinning. Electrospinning is one of the versatile techniques to produce various kinds of polymer as well as nanocomposite polymer fibers. Over the decades, significant progress has been made on the electrospinning process and understanding its mechanism. This advancement leads to an extension of its applications in various fields including biomedical applications. Compared to other available methods, electrospinning has advantages due to its low cost and high productivity. Further, electrospinning provides a high level of flexibility and controls over diameter, microstructure, and arrangement of the electrospun nanofibers. Additionally, various materials can be selected for electrospinning and easy incorporation of additives such as nanoparticles. Moreover, various kinds of nanofibers such as core–shell and aligned nanofibers can be prepared by electrospinning. On the other hand, it is difficult to get nanofibers with diameters less than 100 nm and the yield speed is quiet low in the electrospinning process [19].



In this review, we aim to provide an overview of the latest developments in the design of HA-encapsulated electrospun nanofiber polymer composites and their applications in the field of tissue engineering. Prior to that, a brief overview of fundamental principles of electrospinning, key parameters for electrospinning, and possible applications of these electrospun nanofibers in various fields are provided in the subsequent sections.




2. Fundamental Principles of Electrospinning


The first report on the concept of electrospinning was published by Charles V. Boys in 1887 [20]. He discovered that, in the presence of external electric filed, fibers can be drawn from a viscoelastic liquid. This technique opens the door for the development of electrospinning, which is now used for the fabrication of ultrathin fibers in nanometer scale. The history of the development of the electrospinning was recently reported by Xue et al. [21]. The electrospinning setup is quite simple and includes major components such as high-voltage supply, syringe pump, needle (spinneret), and grounded metal collector. Electrospinning is based on electro-hydrodynamic procedure in which a solution droplet is electrified to produce a jet, and then it stretched and elongated to produce fibers. Electrical potential is applied between the tip of a spinneret (polymer droplet) and a grounded collector. Upon electrification of the droplet, it deforms into a Taylor cone due to electrostatic repulsion between the surface charges and a charged jet is expelled from the spinneret. Due to bending instability, after the initial straight line, the jet experiences numerous flogging motions. Finally, the jet is stretched into finer diameter, solidifies, and is deposited on the collector as a solid fiber. The electrospinning process can be categorized into the following steps: (1) charging of the polymer droplet and the creation of a Taylor cone, (2) straight segment of the charged jet, (3) thinning of the charged jet due to electric field, and (4) solidification and deposition of the fiber on a collector. The electrospinning setup and the electrospun jet pathway are shown in Figure 2.



Apart from regular electrospinning, new approaches were also established to regulate the alignment and structure of electrospun nanofibers. These advancements opened its applications in various fields from energy-related application to biomedical applications. Further, this new approaches provide a way for combining different properties emerging from the structure, size, composition, and morphology [19].




3. Key Parameters for Electrospinning


There are various parameters that can influence the electrospun nanofibers. These parameters can be classified as follows: (i) solution parameters (which include solvent uses, polymer concentration, surface tension, viscosity, and conductivity), (ii) instrumental parameters (which include applied voltage, flow rate, gauge diameter, tip to collector distance, and collector types), and (iii) environmental parameters (such as humidity and temperature). These parameters mainly determine the properties and the characteristics of the electrospinning nanofibers and therefore it is crucial to understand these parameters and their effects on electrospun nanofibers. Various researchers reported about the effect of electrospinning parameters on the properties of various electrospun nanofibers [22,23,24,25,26].



3.1. Solution Parameters


Solution parameters mainly depend on the choice of the solvent and the molecular weight of the chosen polymer. The basic principle behind electrospinning is the uniaxial stretching of the charged jet. Change in the concentration of the polymer solution considerably disturbs the stretching of the charged jet. Different diameter of the fibers can be obtained with the same polymer but with different molecular weight. Therefore, for smooth and continuous nanofibers, polymer with optimal molecular weight should be selected. Spinability of the polymer solution is directly affected by viscosity, surface tension, and conductivity [27]. With lower polymeric concentration (low viscosity), the surface tension and the applied electric field break the polymer chains which results in bead formation. Viscosity is one of the critical parameter for fiber formation. Increasing the concentration increases the viscosity of the solution which ultimately increases the polymer chain entanglement. This helps to produce uniform nanofibers without beads. On the other hand, if the concentration exceeds the optimum value, it will produce defective and beaded fibers. That is, both low and high viscous solutions produce beaded fibers. Surface tension can be controlled by adjusting the applied voltage, which should be high enough to control it. The choice of the solvents also plays a role in controlling the surface tension, since different solvents deploy different surface tensions. In this way, without altering the concentration one can produce smooth fibers by controlling the surface tension to a minimum. Similarly, conductivity also affects the fiber formation. Smooth and thinner fibers can be formed by increasing the conductivity of the polymer solutions. This can be achieved by adding salts like KCL, NaCl, and KBr in the polymeric solutions.




3.2. Instrumental Parameters


Apart for the characteristics of the polymer solutions, instrumental parameters are also critical in determining the characteristics of the nanofibers. Changing the applied voltage can determine the diameter of the fibers. The formation of a Taylor cone from a spherical droplet and then the formation of fine nanofibers depend on the applied voltage. The applied voltage to produce fine nanofibers varied from polymer to polymer. Increasing the applied voltage resulted in reduced diameter of the fibers due to the stretching of the polymer solution. Further increasing the applied voltage beyond the critical value resulted in bead formation. This is due to the reduction in the size of the Taylor cone but with same flow rate. Flow rate is the applied pressure used to flow the polymer solution through the spinneret. Optimized flow rate (critical value) can produced nanofibers with uniformity and without any beads. This value also varies with different polymers. Increasing the flow rate above the critical value resulted in the formation of beads. Another instrumental parameter is tip to collector distance. This also should be optimized and will be varied for different polymers. At a greater distance, fibers will break and produce intermittent fibers. Shorter distance produces beaded and thicker fibers. Tip to collector distance can be optimized to produce uniformly distributed fibers. Further, fiber diameter and the morphology can be influenced by the diameter and shape of the gauge. Finally, in the instrumental parameter, the type of the collector primarily determines the orientation or alignment of the produced fiber. Commonly used collectors are disk, drum, rotating wheels or disks, plate, or pin. Further, collectors can be custom made to satisfy the requirements [28].




3.3. Environmental Parameters


Apart from polymer solution and instrumental parameters, environmental parameters such as temperature and humidity also have effect on the characteristics of the nanofiber production [29,30]. Depending on the nature of the polymer, the solidification of the charged jet is controlled by the humidity. In some reported study, change in humidity changes the nanofiber diameter [29]. Further, humidity also affects the smooth fiber formation and resulted in beaded fibers or a stop in electrospinning. Additionally, humidity plays a vital role in preparing porous nanofibers [31]. Humidity and temperature are interrelated environmental parameters. Evaporation rate of solvent is increased by temperature which decreases the viscosity of the solution. This leads to decrease in mean fiber diameter.





4. Possible Applications of Electrospun Nanofibers


4.1. Tissue Engineering Applications of Electrospun Nanofibers


Tissue engineering is a multidisciplinary research field and medical application focused on the reconstruction or regeneration of damaged tissues due to various issues such as disease, aging, and trauma. Recently, research on the extracellular matrix (ECM) and its role in various cell activities such as proliferation and differentiation has attracted much attention. The natural ECM consists of fibrous interwoven structural proteins (primarily collagen) with a 3D network that is tens of hundreds of nanometers in size [32,33]. Electrospinning can produce fibers that mimic the natural ECM with a wide range of materials in a cost-effective manner. Electrospun fibers and composite nanofibers have found extensive applications in various medical fields. On electrospun mats or scaffolds, cell analysis such as differentiation and migration can be analyzed to improve regeneration or repair of tissues by controlling the properties and morphologies of the fibers. For example, 3D scaffolds can be modified to mimic the ECM, which can be used for tissue regeneration by inducing desirable cellular activities. Various parameters such as diameter, functional groups, inorganic components, porosity, and mechanical and biological properties can be optimized for the intended application [21]. Additionally, drugs and biomolecules can be combined into the nanofibers to functionalize and obtain better control of various applications such as drug and gene delivery and proliferation differentiation of cells on nanofiber scaffolds. This application can be extended to cancer diagnoses and treatment. Another area of interest is biomedical device development. Electrospun nanofiber composites can be used as membranes and coatings for devices and implant applications.



Depending on the application area, composite nanofibers can be electrospun in different forms. For wound dressing and healing, a nanofiber scaffold or mat can be used as an ideal material because the large surface area of nanofibers stops fluid buildup by allowing oxygen permeability at the wound site, while efficiently averting bacterial penetration owing to its small pore size [33,34]. Furthermore, it promotes hemostasis, soothes wounds, and absorbs exudates [35]. Similarly, the nanofiber matrix mimics the ECM of the skin in composition and morphology; therefore, electrospun nanofibers can be a promising candidate for skin replacements or repair [35]. The core–shell structure of nanofibers can be used as a delivery vehicle where drugs or biomolecules can be encapsulated in a nonreactive shell and delivered to the target sites [36,37]. Alternatively, for bone tissue engineering, various features should be considered, as bone has a complex architecture, with ECM components ranging from the micro- to nanometer scale. Therefore, the designed materials should mimic the ECM, have mechanical properties similar to that of bone, and have a porous structure for cell ingrowth and mass transport [33].




4.2. Other Applications of Electrospun Nanofibers


Electrospun nanofibers can be assembled as membranes and can be used in various other potential applications in environmental remediation, biomedical, energy storage, catalysis, sensors, electronics, fuel cells, textile, and optical applications (Figure 3). Various researchers reviewed about the potential applications of the electrospun nanofibers in various fields [27,30,38,39,40,41]. Electrospun nanofibers possess high surface area and therefore it is a good candidate for the fabrication of sensor devices. Further, these nanofibers assembly is flexible and incorporation of active ingredients can be achieved easily. Thus, electrospun sensors showed higher sensitivity compared to films of the same material [39,42].



Electrospun nanofibers have also been extensively studied for their applications in energy storage and conversion. Due to their higher surface area and controllable porosity, they showed promising results for various energy storage fields. In view of this, electrospun nanofibers are used in lithium-based batteries, fuel cells, solar cells, and supercapacitors [39,43]. Sun et al. reviewed the applications of electrospun nanofibers in energy storage and conversion [43]. According to them, in fuel cells, electrospun nanofibers are used as electrolyte membrane and electrode material. Electrospun nanofibers showed better durability and higher electrolyte uptake. Due to their unique fiber morphology, electrospun nanofibers showed higher photoelectric conversion efficiency in dye-sensitized solar cells. Similarly, supercapacitor electrospun nanofibers showed good electrochemical performance and high specific capacity.



Electrospun fibers are used as fibrous catalyst as well. For catalytic methane, reforming Ni/Al2O3 fibrous catalyst was used by many researchers [44]. In some cases, the solvent used to prepare the electrospun fibers affects the performance of the catalyst. Cellulose nanofibers were functionalized with different anions and noble metals which showed 100% selectivity towards the aerobic oxidation of benzyl alcohol and aza-Micheal reaction [45]. Electrospun nanofibers revealed their importance in the filtration of heavy metals and toxins from drinking water and waste waters by adsorption [27,30]. Further, electrospun nanofiber are used in drug delivery, immobilization of enzymes, antibacterial wound dressing, desalination, protective coatings, and various other miscellaneous applications.





5. Encapsulation of Hydroxyapatite (HA) on Electrospun Nanofibers


Bone is a hard tissue that consists of type I collagen fibrils and apatite mineral nanoparticles. The role that bone plays in our body is vital as it supports and protects various organs. There are two steps involved in the metabolism and regeneration of bone tissues: (i) osteoclasts secrete a particular material that demolishes and absorbs old bone tissues, which produces micropores, and (ii) osteoblasts emit the ECM at the old bone site, fill pores, and accumulate bone minerals [46,47,48]. These steps produce new regenerated bone tissues. In addition, it is also a storage system for critical mineral components such as calcium and phosphorus. Therefore, a bone tissue engineering scaffold should have mechanical strength comparable to that of the bone, and should supply minerals that can support osteogenesis. Incidentally, biopolymers reinforced with bioactive minerals such as calcium phosphates, silica, and bioactive glass nanoparticles are considered ideal in many ways. Further, it is important to create a 3D microporous system for bone tissue regeneration and repair. Therefore, electrospinning provides a distinctive benefit of fabricating micropores with different diameters of fibers from a micro- to nanoscale. Considering the above, encapsulation of calcium phosphate minerals, such as hydroxyapatite (HA), β-tricalcium phosphate (β-TCP), and biphasic calcium phosphate (BPC), into bioactive polymers may provide a vast area to explore, as several parameters and different materials can be used and tested. The following sections provide the latest account of research and developments in the field of HA-encapsulated electrospun nanocomposite fibers for various tissue engineering applications.



5.1. Polycaprolactone/Hydroxyapatite (PCL/HA) Nanocomposited Electrospun Fibers


Polycaprolactone (PCL) is biocompatible and flexible biopolymer. Its biocompatibility was tested in vitro using several types of cells such as fibroblasts [49,50], stem cells [51,52], and a few others [53,54]. Its flexibility is known for its ease of handling to produce different forms such as fibers, films, and microporous materials. [16,17,18,19]. Some in vivo tests have also been conducted for various applications and have been found effective [52,53,55,56]. Therefore, several researchers have tried to use PCL for tissue engineering applications and attempted to incorporate HA to induce mineralization and bone formation. Li et al. studied the effect of a higher content of HA (up to 60%) on PCL/HA electrospun nanocomposite fibers in an attempt to promote cell infiltration and bone regeneration [57]. They used a single-step electrospinning method and trifluoroethanol as a solvent to prepare the electrospinning solution. The PCL/HA composite showed crystalline phases of Hain XRD analysis. Cell differentiation, regulated cytoskeleton, and cell infiltration were improved by incorporating a high concentration of HA in PCL. They suggested that this scaffold could be a favorable substitute for bone regeneration. The biomineralization ability of PCL/HA or PCL/bioactive glass particles (BGP) electrospun fibers and the crystalline apatite formation was studied and compared by Deliormanlı et al. [58]. Ten weight percent of either HA or BGP was added to PCL to prepare the electrospinning solution. The prepared nanofibers were analyzed for in vitro biomineralization by immersing in simulated body fluid (SBF). Fourier transform infra-red (FTIR) spectroscopic analysis revealed the peaks associated with crystalline PCl as well as crystalline HA formation. Further analysis showed that all the fiber composites showed hydrophobic character. Both HA and BGP showed enhanced bioactivity of the fiber. However, the mineralization ability of the HA-added composite was higher than that of the BGP incorporated sample. This fibrous composite can be used in bone tissue engineering, wound dressing, and healing applications. Various other researchers also found that HA incorporation enhanced the functionality of electrospun PCL fibers for tissue engineering applications [49,50,59,60,61,62].



In conventional electrospinning methods, it is extremely difficult to produce composite fibrous scaffolds with 3D structures, or with controlled pore size and distribution owing to its technical limitations. To overcome complications associated with making 3D electrospun fibrous scaffolds, several researchers have adopted innovative approaches in preparation methods or altered the electrospinning setup to produce 3D scaffolds with hierarchical pore structures. Medical-grade polycaprolactone (m-PCL) was combined with nanocrystalline HA (m-PCL/HA) to produce a composite 3D fibrous structure by melt electrospinning, a direct additive manufacturing method, to enhance cell infiltration, bioactivity, and cell growth [7]. Thermal analysis revealed that the crystalline nature of m-PCL reduced after the addition of HA into the composite scaffold. This m-PCL/HA composite fibrous structure has increased porosity of approximately 96–98%, with an interconnected porous architecture. The results showed that this composite scaffold provides a promising platform for cell growth and infiltration by degrading fast enough in an alkaline environment compared to the pristine m-PCL. Furthermore, HA nanoparticles induced homogeneously distributed cell growth due to a positive cell/material interaction. Therefore, this composite nanofiber may have great potential for mineralized tissue reconstruction and regeneration in tissue engineering applications (Figure 4).



Stainless steel meshes were used as a collector instead of the regular collector, in an attempt to produce 3D porous nanofibrous scaffolds by the conventional electrospinning method by Song et al. [48]. Three-dimensional structures were assembled by layer-by-layer addition of prepared fibers using 18% polycaprolactone/dichloromethane (PCL/DCM) solution as a binder. In this nanofiber, HA was embedded in the fibers and attached to their surface, which had a significant effect on the functionality of composite fibers. Furthermore, it showed interconnected pores of various sizes in the macro- to micrometer range, which supported the cell growth process through the scaffold structure via in vitro studies. Additionally, these composites promoted osteogenesis gene expression by treating the scaffold with alendronate. These studies revealed that this composite nanofiber can be used for bone repair and regeneration. Keivani et al. grafted PCL chains onto HA nanoparticles by ring-opening polymerization of ε-caprolactone (PCL-g-HAp) to reduce inhomogeneous dispersion and increase surface area exposure of HA, thereby increasing its bioactivity [63]. Modified PCL grafted HA (PCL/PCL-g-HAp) composite material was subsequently electrospun and compared with pristine PCL and PCL/HA electrospun materials. Biomineralization showed that all samples were covered with relatively thicker layer of apatite. Cell proliferation and adhesion on PCL/PCL-g-HAp showed enhanced activity, and cells were distributed more uniformly.



To combine nanofiber and microfiber structures to produce 3D porous structures, Rajzer used both electrospinning and needle punching, as this structure is difficult to produce with electrospinning only [28]. Initially, a mechanical punching process was used to produce a microfibrous nonwoven material, which was subsequently electrospun to produce a hybrid PCL/HA scaffold. PCL/HA composite micro- and nanofibrous materials were obtained by the addition of 5 and 20 wt% of HA to PCL, respectively. Biomineralization and bioactivity analysis in SBF for 7 d showed spherical CaP precipitation, which indicated that this material can be used to separate soft tissue from hard tissue, allowing new bone growth. In another study, AZ31/HA composite material was coated with PCL/HA electrospun fibers for degradable implant applications [64]. Initially, the AZ31 alloy substrate was coated with HA using friction stir processing. Thereafter, the HA-coated AZ31 alloy substrate was pretreated with 1 M HNO3 to produce a crack-free Mg(OH)2 layer. PCL/HA composite electrospun fibers were subsequently coated onto alloy samples. The PCL/HA electrospun coating possessed ECM morphology, and good biomineralization was noted on that surface. Further, it helped to improve cell proliferation and adhesion on the surface. Finally, its degradation was controlled and cane was used as a temporary implant material.



Bone consists of inorganic and organic compounds; thus, using a composite approach to obtain the benefits of inorganic ions in organic compounds is beneficial in bone tissue engineering. Osteoinductive abilities of bone grafting materials determine their success in this field. Bone requires essential ions to maintain its healthy functionality, and its addition to grafting materials has favorable effects [61]. Various ions such as zinc, strontium, silver, gold, and titanium were combined with HA to improve its biocompatibility, osteoconductivity, and resistance against osteomyelitis and microbial attacks. Therefore, biocompatibility, osteoregeneration, and antimicrobial activity of the PCL/HA composite nanofiber improved and imparted added functionality by incorporating certain active ingredients such as inorganic ions, as mentioned above, and biomolecules [59]. Shitole et al. added ZnO onto PCL/HA electrospun nanocomposite fibers to confer antimicrobial activity along with its existing bioactivity [65]. FTIR and XRD analysis revealed the crystalline behavior of the PCL. The addition of HA did not affect the crystalline structure of PCL. Functional properties can be altered by changing the concentration of ZnO in the composite fiber. Various concentrations were used, and it was found that <10 wt% of ZnO produced ideal cell proliferation, biomineralization, mechanical stability, and antimicrobial activity. This study showed that ZnO can be a promising material for bone tissue engineering. Fluorine-incorporated hydroxyapatite (FHA) was added to PCL to form a PCL/FHA nanofiber scaffold tissue engineering application [66]. The PCL/FHA fiber with 10 wt% FHA showed increased mechanical strength (tensile strength and elastic modulus), biodegradability, and bioactivity. Another interesting nanohybrid polycaprolactone/chitosan (PCL/CS) fibrous membrane was prepared by incorporating Sr-doped calcium phosphate (Sr-CaP/ PCL/CS) for guided bone regeneration [60]. Compared to PCL/CS and CaP/PCL/CS, (Sr-CaP/ PCL/CS) showed enhanced functionality in various cases such as ion release, biocompatibility, rat bone mesenchymal stem cell (BMSC) adhesion and proliferation, higher alkaline phosphatase (ALP) activity, osteogenic differentiation, and better biomineralization efficiency. Furthermore, the authors found that Sr2+ and CaP ions enhanced angiogenic differentiation of BMSCs. Therefore, Sr-CaP/ PCL/CS is a promising candidate for guided bone regeneration. Rivero et al. showed that incorporation of the 14-3-3ε protein in PCL-HA enhanced the osteogenicity of the electrospun scaffold [67]. ALP activity in the PCL-nHA/protein scaffold was four and five times higher than those of the PCL/nHA and pristine PCL scaffolds, respectively. Thus, this combination is extremely promising for bone tissue regeneration.




5.2. Polylactic or Poly(L-lactic-co-glycolic) Acid/Hydroxyapatite (PLA or PLGA/HA) Nanocomposited Electrospun Fibers


In the family of polyesters, owing to their interesting mechanical and processing attributes, poly(lactic acid) (PLA) and poly(lactic-co-glycolic acid) (PLGA) are among the most used polymers for drug and gene delivery systems and the most used synthetic polymers for a safe and effective vaccine system. They are also approved by the Food and Drug Administration and the European Medicines Agency and are well-documented polymers for clinical and human research. Compared to other biodegradable polyesters, PLA and PLGA are more ecofriendly, as they are produced from sugars using lactic and glycolic acid fermentation [68,69,70]. These polymers have a wide spectrum of biomedical applications, ranging from tissue regeneration to drug delivery. Their properties can be adjusted and their shapes and sizes are easily managed. Therefore, in the biomedical field, their properties such as degradation rate can be adjusted by controlling the ratio of lactic acid and glycolic acid, to match that of the host tissue without altering other properties such as mechanical strength [69]. As explained earlier, to use PLA or PLGA for tissue regeneration and repair, it is best to make them similar to the ECM. Therefore, the ideal combination for producing ECM-like structures is the addition of CaP to PLA or PLGA and prepared nanocomposite porous scaffolds by electrospinning. The following section will review the latest developments in HA/PLA or HA/PLGA nanocomposite fibers developed via electrospinning for tissue engineering applications.



In the past decade, various reports have been published on HA-incorporated PLA or PLGA nanofibrous composite scaffolds fabricated through electrospinning for tissue engineering applications. Zhou et al. reviewed PLA/CaP and PLGA/CaP composite materials for possible orthopedic applications [71]. Aligned PLGA nanofibrous scaffolds with HA were prepared for application in bone tissue engineering by Jose et al. [72]. When up to 20 wt% of HA was used, nanoparticle agglomeration was higher than 10 wt%, and fiber breakage occurred at 20 wt%. At 5 wt% HA, the storage modulus increased from 441 MPa to 724 MPa; however, a further increase in HA concentration decreased the storage modulus of the nanofibrous composite. Degradation studies showed a hydrophilic nature and weight loss due to the addition of HA. Thus, the study showed that this material can be used for bone tissue engineering and can be adjusted based on the concentration of HA in the composite fiber.



The latest research on these composites is focused on modifying these materials or including additional components to these composites to enhance their characteristics and study their ability to mimic the ECM for in vivo applications. Multiwalled carbon nanotubes (MWCNTs) and HA-loaded PLGA electrospun nanocomposites for bone tissue engineering applications were studied by Zhang et al. [73]. TEM analysis revealed that the HA particles were very similar to the size and shape of apatite crystals in living bone. The scaffold prepared by these nonwoven fibers mimics ECM morphology, and BMSCs were seeded to analyze the performance of this scaffold. The biocompatibility on this scaffold was good, and cell attachment and proliferation of BMSCs on PLGA/MWCNTs/HA increased compared to those on the PLGA control. Similar work to mimic the natural ECM and improve the biocompatibility, osteoinductivity, and comparable mechanical properties of the PLGA fiber was reported by Fu et al. [74]. In this study, the authors incorporated HA and graphene oxide (GO) with PLGA (PLGA/GO/HA) and studied their improvement over the PLGA control. The addition HA crystals increase the roughness of PLGA/HA fibers. Protein adsorption and hydrophilicity of PLGA/GO/HA were significantly enhanced. The mechanical properties of the nanofibrous matrices improved with the addition of GO nanosheets. GO and HA showed additive effects on promoting cell proliferation and osteogenic differentiation in in vitro studies. Most importantly, they found that the shortcomings of PLGA/HA nanocomposites were overcome by GO addition. Therefore, this combination of the nanofibrous matrix can be a promising candidate for bone tissue regeneration. However, further in vivo analysis is needed before it can be used for clinical applications.



PLGA electrospun fibers were coated with HA/collagen (Col) to produce a similar ECM morphology, and BMSCs were cultured on nanocomposite fibers [70]. XRD analysis revealed that loading of collagen did not affect the crystalline structure of HA. Interactions between BMSCs and composite nanofibers increased in the presence of HA and HA/Col, which resulted in accelerated cell spreading, increased ALP activity, and increased osteogenic gene expression (Figure 5). Thus, this composite fiber scaffold is a promising material for bone tissue engineering.



In another recent study, various ion (Sr, Mg, SiO2, and CO3)-doped HA was incorporated into the polymer matrix of polyurethane (PU) and PLA to develop an osteogenic electrospun membrane [75]. Uniformly distributed pores were observed on PU-PLA-Sr-HA membranes. Various doping in HA decreases its crystallinity and distortion in crystal lattice which resulted in peak broadening. The addition of doped HA increased the tensile strength of the membrane, and Young’s modulus increased for PU-PLA-Mg-HA and PU-PLA-Si-HA membranes. Similarly, higher cell proliferation was observed on PU-PLA-C-HA and PU-PLA-Sr-HA membranes. Other samples also displayed good biocompatibility. Furthermore, they showed increased calcium deposition via the Alizarin Red assay. Therefore, by changing the doping material on HA, the properties of the membrane can be adjusted or controlled, thus an excellent candidate for bone and dental regeneration. Another group reported the embedding of different metallic nanoparticles (TiO2, Au, and Pt) on a chitosan/PLA/HA nanostructured scaffold [76]. The authors attempted to prepare a scaffold without properties for guided bone regeneration. Initially, PLA was electrospun and chitosan was cross-linked using a microwave-assisted process, followed by HA incorporation and embedding of different metallic nanoparticles (Figure 6). Prepared HA was crystalline in nature as per the XRD analysis. This 3D bioactive hierarchical scaffold consisted of electrospun PLA, cross-linked chitosan, and conductive nanoparticles. It had higher porosity, excellent biomineralization ability, and swelling properties. Scaffolds with HA and TiO2 showed good cell proliferation, while HA and Au nanoparticles showed increased biomineralization ability. Therefore, this type of modification will be a promising tool for bone tissue engineering development.



PLA-based electrospun nanofibers were modified using gelatin (GEL) and carbon nanotubes (CNT) for potential tissue engineering applications [77]. This hybrid material composed of PLA and GEL nanofibers (PLA/GEL) and CNT-modified PLA/GEL nanofibers (PLA+CNT/GEL) was developed by the concurrent electrospinning method. The structures of PLA and GEL nanofibers were retained even after hybrid formation and showed good osteoconductivity without cytotoxicity. Furthermore, these nanofibers showed reduced hydrophobicity, improved mechanical properties, and increased porosity. Kareem et al. showed the optimized condition for micron-sized HA-reinforced electrospun PLA scaffolds and how polymer concentration, filler type, and concentration and morphology affected the mechanical, biomineralization ability, and degradation rate of the scaffold [78]. An alternate PLGA and collagen electrospun multilayer scaffold was proposed for bone tissue engineering by Kwak et al. [79]. This scaffold was prepared with and without HA; HA addition improved the osteogenic properties of the scaffold. This may be due to the asymmetrical charge distribution of HA crystalline planes. The combination of PLGA/Col/HA scaffold showed higher bioactivity than PLGA scaffolds and could be a good candidate for bone tissue engineering.



Apart from tissue engineering applications, drugs and ions can also be incorporated and released using electrospun PLA nanofibers. Amorphous CaP particles have been incorporated into PLA to produce ACP-PLA nanocomposite fibers for drug delivery applications [80]. Water-soluble drugs containing ACP-PLA nanofibers were prepared by introducing a biomolecule lecithin as a biocompatible surfactant to overcome the difficulties of incorporating water-soluble drugs into hydrophobic polymer solutions. The resulting nanocomposite fiber showed simultaneous fast mineralization and sustained drug release in SBF. Further, increased cytocompatibility was observed for prepared nanocomposite fibers, and osteoblast-like cells spread with filopodia. As this material showed positive biocompatibility effects, sustained release, and biomineralization, it can be used for sustainable drug release in tissue engineering.




5.3. Polyhydroxyalkanoates/Hydroxyapatite (PHA/HA) Nanocomposited Electrospun Fibers


Polyhydroxyalkanoates (PHAs) are microbial polymers, representing a group of well-known aliphatic polyesters. Under conditions of stress, e.g., limited available nutrients, microbes generate and store carbon (C) as granules—their energy reservoir [81,82]. Their well-established properties, such as biodegradability, non-toxicity, and biocompatibility, have applications in tissue engineering. Owing to their versatile process and mechanical stability, together with the ability to produce them on a large scale with sustainable methods, this PHA is an exceptional entrant for advanced research compared to other natural polymers. Owing to their biological origin and versatile properties, PHAs have been considered suitable for various clinical and biomedical applications such as drug carriers, anticancer agents, and biodegradable tissue engineering implants [83,84]. In recent years, particular attention has been focused on the simplest form of PHA, poly(3-hydroxybutyric acid), or simply polyhydroxybutyrate (PHB) [85]. The combination of HA and PHA has been used for tissue engineering applications for quite a long time. For hard tissues such as bone, the primary focus is on PHB and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) [85]. Various in vitro studies have shown that the combination of HA and PHB induces growth and differentiation of osteoblast cells, encourages ALP activity, and promotes biomineralization [84,86,87,88]. Electrospinning of PHA for biomedical applications was recently reviewed by Sanhueza et al. [81,89]. This section describes the research developments of electrospun HA/PHA nanofiber composites for tissue engineering applications. Unlike PCL and PLA, only a few reports were available for PHA/HA electrospun nanofiber composites.



Defect-free and smallest possible diameters of HA/PHB nanofibers with sustainable amounts of HA were prepared by electrospinning for bone regeneration applications [85]. Prepared HA nanoparticles possessed hexagonal crystal structure and the crystalline degree of HA was 54%. Various parameters have been optimized to obtain ultrafine nanofibers with HA encapsulation (Figure 7). HA encapsulation on the fibers enhanced cell viability and the spreading of osteoblast cells; the metabolic activity of cells increased with time. This type of hybrid nanofiber can provide a new type of material for bone tissue regeneration.



Different methods for preparing PHB/HA membranes using electrospinning were proposed by Viezzer et al. [90]. Two methods were adapted to prepare the nanocomposited membrane: direct electrospinning by mixing a PHB solution with HA to produce an electrospinning solution and electrospun composite membrane (C1). In another method, the usual mixing PHB and HA to prepare the composite electrospinning solution was eliminated, owing to its drawbacks such as clogging of the capillary, low dispersion of nanoparticles, and non-homogeneous membrane. Instead, the PHB membrane was prepared by electrospinning, and the electrospun membranes were subsequently impregnated in HA solutions (C2). The surface area and mesoporous structure of both composites C1 and C2 were higher than those of pristine PHB fibers. The C2 membrane was covered with nanostructured HA crystals and produced more mineralization. All samples exhibited increased biocompatibility and cell adhesion and proliferation of MSCs. The presence of HA in the composite induces osteogenic activity, which is positive for this material to be used in bone regeneration applications. The effect of β-TCP on the PHB/CS electrospun scaffold for application in cartilage tissue engineering was performed by Keikhaei et al. [91]. The addition of β-TCP increased porosity, mechanical strength, hydrophilicity, and nanofiber diameter. Increasing β-TCP concentration also increased the degradation rate considerably. For bioactivity analysis, a concentration of 7.5 wt% β-TCP on the PHB/CS electrospun composite showed biomineralization ability in SBF and increased attachment of chondrocytes. Therefore, a 7.5 wt% β-TCP on a PHB/CS nanofiber composite would be a good choice for cartilage tissue engineering.



TCP and clay nanoparticle-embedded PHA electrospun nanocomposite fibers were prepared, and their morphological and mechanical properties were analyzed [92]. Compared to clay nanoparticle-embedded PHA fibers, TCP embedded fibers were small and had a nanometer diameter. The mechanical properties of these samples revealed that clay-incorporated PHA can be used as a rigid scaffold, whereas the TP-incorporated material can be used as a flexible scaffold for biomedical applications because of its increased elongation at the break point. However, the bioactivity and cytotoxicity of these materials need to be analyzed. Zhao et al. prepared composition-graded PHB/FHA nanocomposite fibers by electrospinning for tissue engineering applications [93]. The advantage of this method is the feasibility of fabricating the material with the desired properties. Composition-graded films were prepared by changing the concentration of FHA to 0, 1:15, 1:10, 1:8, 1:7, 1:6, and 1:5, and each solution was electrospun individually for 30 min. Thermal and mechanical properties were obtained by controlling the composition of FHA/PHB. Mechanical properties were enhanced by the addition of FHA. Further, cell analysis revealed that this composite fiber possessed good biocompatibility and could be used for tissue engineering applications.




5.4. Chitosan/Hydroxyapatite (CS/HA) Nanocomposited Electrospun Fibers


Chitin, the base material for chitosan, is the most copious natural polysaccharide next to cellulose. It is obtained by partial deacetylation of chitin [94,95]. It is a biodegradable natural polymer with inherent characteristics such as biocompatibility, nontoxicity, hemocompatibility, and biodegradability. Therefore, it is a promising material in the medical field and an excellent candidate for drug delivery applications [96]. Although pristine CS can have some excellent characteristics for medical applications, some intended and desired properties can be achieved by modification through chemical or physical methods such as composite or complex formations, fibers, or coatings. Chitosan and its derivatives can be extremely good candidates for tissue engineering scaffolds as they can degrade as tissues are formed without any toxic degradation products [94,97,98]. In bone tissue engineering, chitosan can promote cell growth and biomineralization [99]. Compared to other biopolymers such as cellulose, gelatin, and hyaluronic acid, electrospun chitosan showed promising results for tissue regeneration applications. Recently, Qasim et al. reviewed chitosan-based materials fabricated via electrospinning for tissue engineering applications [100]. Few reports are available for the electrospinning of HA/CS nanocomposite fibers for tissue engineering applications. This section reviews some reports on HA/CS electrospun fibers available in literature.



Biocompatible nanocomposites of PU/CS/β-TCP electrospun nanofibers have been prepared for tissue engineering and drug delivery applications [101]. Amoxicillin (AMX) was used as a model drug for drug loading and release analysis. Increasing the concentration of β-TCP decreases the porosity and pore size but marginally increases fiber width. PU/CS/β-TCP acts as a host for anchorage-dependent cells like L929 fibroblasts. For bone tissue engineering applications, 10, 3, and 3 wt% of PU, CS, and β-TCP, respectively, were preferable. The loading and encapsulation efficiencies of the nanocomposite fiber were 61.95% and 64%, respectively. Similarly, the combination of PCL/CS/Sr-CaP was reported for guided bone regeneration [60], as discussed in Section 3.1. The effect of HA dispersion on cross-linking, mechanical, and bioactive properties has been studied by Liverani et al. [102]. Contrary to the above-mentioned study, the authors found that the fiber diameter decreased with the addition of HA. The mechanical and bioactive (biomineralization) properties of the sample increased with the addition of HA. Biomimetic HA/CS nanofibrous composites were studied for their efficiency in bone tissue engineering applications [103]. Initially, the HA/CS composite solution was prepared by the chemical co-precipitation method. HA showed crystalline structure and CS showed semicrystalline structure. Even after forming HA/CS composite, the crystalline nature was still retained. Thereafter, a small amount (10 wt%) of ultrahigh molecular weight poly(ethylene oxide) (UHMWPEO) was added as a fiber-forming stabilizer. HA/CS nanofibers were successfully formed with a diameter of ~214 nm. In vitro cell analysis and human osteoblast cells revealed that HA incorporation led to substantial bone formation compared to the pristine CS scaffold. In another study, silver ion-doped CaP was added to CS to form electrospun nanocomposite fibers for guided bone regeneration with antibacterial activity [104]. Addition of Ag had little effect on crystal structure of HA. Ag-CaP/CS fibers were prepared via one-step electrospinning and subsequently cross-linked with vanillin. Incorporation of CaP provides ECM morphology, and the mineralization ability of the composite fiber increased (Figure 8). Moreover, Ag ions were released and inhibited bacterial growth and adhesion. Furthermore, this material was cytocompatible with bone marrow cells. Therefore, this composite material can be used for guided bone regeneration.




5.5. Other Polymer/HA Nanocomposited Electrospun Fibers


Various other polymers such as polyvinyl alcohol [105], PU [106], gelatin [107,108], polyacrylonitrile (PAN) [109], and collagen [110,111] have also been used to incorporate HA to produce nanofibrous composites for tissue engineering applications. With the above-mentioned work, the main concept behind the incorporation of calcium phosphate materials such as HA or β-TCP to various polymeric material to form a nanocomposite fibrous material is to mimic the natural ECM, thereby increasing its functionality during implant in host tissue. The structure and characteristics of scaffold materials play an important role in determining the success of the implant. As discussed previously, electrospinning is a versatile technique that provides a structure related to the ECM. Various biopolymers possess good biocompatibility, biodegradability, and are nontoxic in nature. However, the incorporation of certain mineral components can enhance specific functional characteristics such as mineralization and osseointegration. The addition of CaP materials to polymers enhances cell infiltration, differentiation, and biomineralization. Furthermore, a combination of polymers and HA has also been attempted by several researchers [60,75,77,91,110]. Kwon et al. prepared collagen HA nanocomposite fibers laminated over polydopamine (PDA)-coated microfibrous PLGA fabrics. Their studies revealed that collagen/HA nanocomposite fibers can be used as 3D scaffolds with architectural support of PLGA [110]. Samadian et al. reported that HA-decorated carbon nanofibers (CNFs) were obtained by electrospinning [109]. CNFs were derived from heat treatment of electrospun PAN fibers, and these CNFs were mineralized using a biomimetic process. Prior to the mineralization process, the surface of CNFs was activated by NaOH solution to form a carbonyl functional group. These groups act as nucleation sites for mineralization (Figure 9).



To overcome bone infection following implantation, PLLA/HA electrospun nanocomposite fibers were coated with PDA by self-polymerization of dopamine (DA) to produce PLLA/HA/PDA composite fibers [112]. To incorporate Ag, a polypyrrole (Py)-mediated electrochemical approach was implemented for the formation of the PLLA/HA/PDA/PPy/Ag nanocomposited fiber (Figure 10). At an optimized time of 24 h and 0.5 g.L−1, nanoparticles were evenly distributed on the nanofiber surface. Owing to the combination of PDA and PPy, the release rate of Ag+ was controlled and stable, which promoted a long antibacterial effect. Nucleation and growth of apatite mineralization was enhanced by the hydrophilic -OH and -NH2 groups present in PDA. Moreover, in vitro analysis revealed excellent cell viability for osteoblast cells. Therefore, this composite fiber can act as a bone repair material and a one to inhibit bone infection.



Another recent study reported that electrospun calcium chloride complexed polyamide66 (PA66) that can resemble the ECM [113]. The addition of CaCl2 increased the mechanical characteristics such as tensile strength and modulus, and Ca2+ ions acted as nucleation sites for mineralized apatite formation on the surface of nanofibers, resulting in an aHA/PA66/CaCl2 composite scaffold, and the mechanical strength was further enhanced. In vitro analysis revealed that the cell viability increased with the electrospun calcium chloride complexed PA66 compared to that with pristine PA66 fibers. Over a prolonged period, the HA/PA66/CaCl2 composite scaffold showed promising signs to promote cell proliferation and growth. Collectively, these results revealed that this composite resembles bone structure, chemistry, and biology and can be a good candidate for bone tissue engineering. Raic et al. recently reported about cationic electrospun bovine serum albumin (BSA) fibers with surface charge to guide osteogenic cell differentiation [114]. This work was interesting as the authors used pure protein as a polymer material and determined its effect on topography and cell differentiation. BSA was modified with amino groups to resemble the ECM both in chemistry and architecture. HA was mineralized by immersion in SBF. The results revealed that the fibrous structure and surface charge considerably affected osteogenic differentiation and mineralization.





6. Conclusions and Future Perspectives


Bone tissue engineering is difficult, with several complexities from the design perspective. Recently, polymer-based hybrid/composite materials have attracted considerable attention owing to their tunable mechanical properties, biocompatibility, flexibility, low toxicity, and biodegradability. The development of pioneering methods as well as new materials and combinations may benefit the customization of biomaterials for particular tissue engineering applications. Electrospinning is a simple and flexible procedure that produces nanofibers that can be used for various biomedical applications. The advantage of electrospinning is that, with optimized parameters, electrospun nanofibers can be controlled and reproduced for various applications. CaP-based materials have great potential for use in bone tissue engineering applications. The electrospinning combination of biopolymers with CaP-based materials is an advantage for spatial control over morphology and structural design, while imparting necessary cell behavior. However, it is crucial to select the appropriate polymer material based on the area of electrospun material to be used in clinical applications, such as wound healing, bone repair, and infection control. Therefore, it is essential to recognize the underlying mechanism and to use theoretical approaches for the development of such hybrid materials. It is clear from the results discussed above that these reports were from laboratory studies, and the development of these hybrid composite nanofibers for real-time applications on a large scale is yet to be determined, as it will create numerous concerns. Unlike other industrial applications, tissue engineering materials used in biological environments require verification of the finest performance prior to use for practical applications and subsequent clinical approval. This will pose challenges in the field, and qualitative research and improvement are warranted. However, latest developments in this field will provide a way for the improvement of stealth hybrid nanocomposite fibers with multifunctional features that can address common challenges experienced in tissue engineering.
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Figure 1. Schematic illustration of the crystal structures of (A) HA, (C) α-TCP and β-TCP, and (E) WH and the corresponding XRD patterns of (B) HA and (D,F) WH. (Reprinted with permission (A) from the authors of [12], Copyright (2015), Elsevier, (B) from the authors of [13], Copyright (2012), American Chemical Society, (C) from the authors of [14], Copyright (2015), Elsevier, (D) from the authors of [15], Copyright (2008), Elsevier, and (E,F) from the authors of [9], Copyright (2014), American Chemical Society). 
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Figure 2. Schematic illustration of (A) the electrospinning setup and (B) the electrospun jet pathway. (Reprinted with permission from the work in [21]. Copyright (2019), American Chemical Society). 
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Figure 3. Potential applications of electrospun nanofibers. 
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Figure 4. Schematic illustration of the melt electrospinning writing process and the scaffold designed by that process, with cell spreading and infiltration. (Reprinted with permission from the work in [7]. Copyright (2018), Elsevier). 
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Figure 5. Confocal laser scanning microscope images of cultured bone mesenchymal stem cell (BMSCs) after 8 and 24 h on (A,D) poly(lactic-co-glycolic acid) (PLGA), (B,E) PLGA/hydroxyapatite (HA), and (C,F) PLGA/HA/collagen (Col) fibers. (Red: F-actin and cell nucleus; blue: 4′,6-diamidino-2-phenylindole (DAPI); scale bar = 10 µm). (Reprinted with permission from [70] Copyright (2018), John Wiley and Sons). 
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Figure 6. Schematic representation of a hybrid scaffold embedded with (a) TiO2, (b) Au, and (c) Pt nanoparticles. (Reprinted under Creative Common CC BY license from the authors of [76] Copyright (2020), MDPI). 
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Figure 7. Scanning electron microscopy (SEM) images of electrospun polyhydroxyalkanoates/hydroxyapatite (PHB/HA) fibers (a) with a large number of beads (b) optimized defect-free fibers. (c) Energy-dispersive X-ray spectroscopy (EDX)-mapping of (b,d) schematic illustration of a single PHB/HA nanofiber. (e) SEM micrographs of optimum fibers with aggregated HA particles and (f) the corresponding EDX mapping of subfigure (e). (Reprinted with permission from [85]. Copyright (2016), Elsevier). 
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Figure 8. Ag-CaP/CS fibers after immersion in SBF: (A) CS, (B) A0, and (C) A1 for 1 week; (D) CS, (E) A0, and (F) A1 for 2 weeks, where CS-chitosan; A0-CS:CaP:Ag = 4:1:0%; A1- CS:CaP:Ag = 4:1:0.075%. (Reprinted with permission from the authors of [104] Copyright 2018, Dove Medical Press Limited). 
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Figure 9. Scanning electron microscopy (SEM) images of (a–d) pristine carbon nanofibers (CNFs) and (e–h) NaOH-treated CNFs incubated in simulated body fluid (SBF) for (a,e) 12 h, (b,f) 24 h, (c,g) 48 h, and (d,h) 72 h. (Reprinted under Creative Common CC BY license from [109] Copyright (2020), Springer Nature). 
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Figure 10. Synthesis of the PLLA/HA/PDA/PPy/Ag nanofibrous composite for bone repair and inhibition of bone infection. (Reprinted with permission from the authors of [112] Copyright (2020), Elsevier). 
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