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Abstract

:

Tissue engineering (TE) is an emerging field of study that incorporates the principles of biology, medicine, and engineering for designing biological substitutes to maintain, restore, or improve tissue functions with the goal of avoiding organ transplantation. Amongst the various scaffolding techniques, electrospinning is one of the most widely used techniques to synthesise a nanofibrous scaffold. Electrospinning as a potential tissue engineering scaffolding technique has attracted a great deal of interest and has been widely discussed in many studies. The high surface-to-volume ratio of nanofibres, coupled with their ability to fabricate scaffolds that may mimic extracellular matrices, facilitates cell migration, proliferation, adhesion, and differentiation. These are all very desirable properties for TE applications. However, despite its widespread use and distinct advantages, electrospun scaffolds suffer from two major practical limitations: poor cell penetration and poor load-bearing applications. Furthermore, electrospun scaffolds have low mechanical strength. Several solutions have been offered by various research groups to overcome these limitations. This review provides an overview of the electrospinning techniques used to synthesise nanofibres for TE applications. In addition, we describe current research on nanofibre fabrication and characterisation, including the main limitations of electrospinning and some possible solutions to overcome these limitations.
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1. Introduction


Tissue repair by transplantation is one of the most promising techniques for tissue regeneration. Transplantation involves the removal of tissue or organ from one person (the donor) and its surgical transplantation into another person (the recipient) or its movement from one site to another site in the same person. There are two types of transplantations, namely autologous and allogeneic. An autologous transplant refers to tissue or organ from the same person who will receive the transplant. It is most often used to treat blood cancers, such as lymphoma and leukaemia. Some drawbacks of autologous methods are limited availability and donor site morbidity. An alternative to autografts is allograft transplants which involve the transplant of tissue or organ from one person to another. Allografts are used to treat and repair damaged limbs, tendons, heart valves, skin, corneas, etc. However, they come with the risk of disease transfer and have the potential to cause an immune response. Therefore, tissue engineering (TE) has emerged as an excellent approach for the regeneration or repair of damaged tissue, with the potential to overcome all the limitations of autologous and allogenic tissue repair [1].



TE represents an emerging interdisciplinary field that applies the principles of engineering and life sciences toward the goal of tissue regeneration [2]. TE approaches make use of cells, biomaterials, or a combination of both to maintain, repair, or improve tissue function, as shown in Figure 1. For example, temperature-responsive polymer brush coatings (TRPBCs) are one of the advanced biomedical applications that use a combination of cells and biomaterial for TE treatment [3].



There are three main approaches that were originally described for tissue engineering and are continually being refined [4]. The first approach is to guide tissue regeneration using only engineering matrices. In this approach, a scaffold is typically implanted at the site of interest, and cells are migrated from the surrounding tissue and implanted into the scaffold. A second approach is then to introduce only allogeneic, autologous, or xenogeneic cells to the site of interest. This approach has the advantage of being minimally surgically invasive, and the cells can be manipulated by clonal propagation or recombinant genetic engineering prior to infusion or injection. Finally, a third approach is to build cells that are placed on or within a matrix. In a third approach, cellular constructs seeded on biodegradable scaffolds intended to act as synthetic extracellular matrices are implanted at repair sites within the body. In fact, organ-specific cells are often seeded into scaffolds ex vivo prior to transplantation, and over time the scaffolds are simultaneously degraded so that the cells synthesise new extracellular matrix and eventually produces new well-functioning tissue [3].



The ability of TE to regenerate the organs and tissue of a patient that are completely free of bad biocompatibility, low bifunctionality, and severe immune rejection is one of its special benefits. Because of these special advantages, TE is often considered an ultimately ideal medical treatment [5]. Biomaterials are important in TE because they act as scaffolds or matrices for cellular proliferation and adhesion. As the primary goal of the production of scaffolds via TE is to mimic a natural extracellular matrix (ECM) at the nanoscale in order to provide a more favourable environment for cell proliferation and attachment, several novel approaches have been developed for the fabrication of biomaterial-based 3D scaffolds.



Presently, electrospinning, self-assembly, and phase separation are the three primary methods accessible for the manufacture of nanofibrous scaffolds using TE. An overview of the benefits and drawbacks of the primary fabrication methods employed to synthesise a nanofibrous scaffold may be seen in Table 1. The approach that has been the subject of the greatest research and appears to provide the best prospects for TE applications is electrospinning. There have been just a few studies that looked at the use of self-assembled and phase-separated nanofibres as TE scaffolds [1]. Since the invention of electrospinning, numerous polymers have been successfully electrospun for a variety of applications due to the technique’s many benefits, including high porosity, a high surface-to-volume ratio, and the simplicity with which the appropriate fibre morphology and mechanical strength may be achieved. Additionally, the electrospinning method itself is flexible since a variety of polymers can be used to spin the fibre into any desired shape [6]. Drug delivery, wound healing, biomedical applications, environmental engineering, food packaging, and TE tissue are just a few areas where electrospun nanofibres are extensively used [7,8,9,10,11,12]. Recently, nanofibre-based scaffolding technologies have come under investigation as TE scaffolds [13,14,15,16,17]. The capacity of the approach to create scaffolds that may be able to replicate the ECM, together with the high surface area to volume ratio of the nanofibres, encourages cell migration, proliferation, adhesion, and differentiation, all of which are highly desired features for TE applications. As a result, the electrospinning method used to create nanofibres for TE applications is the main emphasis of this review. The review also offers highly useful information on the current research on the fabrication and characterisation of nanofibres. The uniqueness of this review paper is that not only it contains updated findings in detail on the application of electrospinning in TE but the major electrospinning limitation for TE applications and several possible solutions to solve these limitations were also included and discussed in detail.




2. Electrospinning Technique


Electrospinning is a fabrication technique used to synthesise fibres and is a top choice for researchers as it can be applied to various polymers in addition to having the ability to produce fibres in the submicron range [6]. The dry spinning process was involved in the electrospinning technique, which uses electrostatic forces to pull fibres from a polymer solution [21]. Electrospinning has the advantage of producing fibres with a high surface-to-volume ratio, consistent structure, tuneable porosity, and malleability to conform to a wide range of sizes and forms [22].



Development of Electrospinning


Prior to the existence of the electrospinning technique, researchers used the electrospraying technique to disperse solutions and fine aerosols for the synthesis of fibres via electrical energy. Figure 2 below shows the early history of the electrospinning technique [23]. Rayleigh was the first to observe it in 1897, and an in-depth study was conducted by Zeleny in 1914 [6]. One of the earliest patents for electrospinning polymers was issued to Formhals in 1934. Later, Formhals published a series of patents between 1934 and 1944 on experimental approaches for the creation of polymer filaments utilising electrostatic forces [24]. Furthermore, Antonin Formhals patented the production of yarn textiles from cellulose acetate via the electrospinning process. The solvents used in this process are acetone and ethylene glycol monomethyl ether. The concept used by Formhals in the electrospinning process is that a movable yarn-collecting device collects the yarn in a stretched state [25]. Later, the findings of Taylor’s electrical-driven jet research in 1969 led to the rapid development of the electrospinning process [26]. Plenty of research groups published their work on electrospinning in the period 1970–1996, either exploring its possible applications or investigating the process itself [27]. The electrospinning process has become very popular since the 1980s in fibre production because it makes it simple to produce nanofibres composed of various polymers. Currently, more than 200 universities and research institutions around the world are studying various aspects of the electrospinning technique [28].





3. Polymers Used in Electrospinning


3.1. Natural and Synthetic Polymers


In the last ten years, electrospinning of polymers has been intensively studied as it allows fibres to be synthesised from a variety of polymers such as synthetic polymers, natural polymers, or a mixture of both types of polymers, which is known as a copolymer.



Naturally, polymers normally exhibit low immunogenicity and better biocompatibility compared to synthetic polymers when used in biomedical applications [6]. Typical natural polymers used for electrospinning include gelatin, cellulose, chitin, silk, and wool, which promise better clinical functionality [29,30,31,32,33,34,35]. However, the disadvantages of using nature polymers for electrospinning are partial denaturation and fabrication problem of some natural polymers.



Synthetic polymers have several benefits over natural polymers since they can be designed to provide a wider variety of features, such as desired breakdown rate and required viscoelasticity and strength. Meanwhile, the drawbacks of using synthetic polymers for electrospinning are long biodegradation and low biocompatibility of some synthetic polymers. The typically used synthetic polymers for electrospinning include polyglycolide, polycaprolactone, polylactide, polyurethane, polystyrene, and polyvinyl alcohol.




3.2. Copolymers


Copolymers have recently been discovered to be more beneficial than homopolymers because they can be added to change the biodegradation and physical properties of nanofibres [36]. Electrospinning with copolymers offers the improvement of various properties of polymeric materials, including mechanical strength, barrier properties, and the tailoring of thermal stability. Copolymers are used to synthesise a new material having the desirable fibre properties; when the electrospinning technique is properly implemented, the performance of the electrospun scaffolds based on copolymers can be significantly improved as compared to that of homopolymers. Biodegradable hydrophobic polyesters commonly have good mechanical properties but lack the cell affinity for TE. However, with the combination of an appropriate hydrophilic polymer segment, the lack of cell affinity can be solved as hydrophilic polymers enhance cell affinity. Moreover, the morphology, structure, biodegradability, and mechanical properties can also be customised using copolymers in electrospinning [6]. For example, an engineering material with high mechanical strength, poly (methyl methacrylate) (PMMA), has limited use because it decomposes at approximately 250–300 °C in air. However, when the PMAA matrix is incorporated with methacrylic acid, its degradation temperature increases by 80 °C [37]. Furthermore, the presence of sodium copper chlorophyllin (SCC) inside polycaprolactone (PCL) nanofibres provides adequate space for the living cells in the scaffold [22]. The potential of polycaprolactone (PCL)/hydroxyapatite (HA) nanofibres for TE scaffold applications has also been studied. The addition of HA results in bead-less fibres without agglomerates, with the fibres being thicker than the PCL nanofibres. Furthermore, scanning electron microscopy (SEM) images have shown that the scaffolds are biocompatible, suggesting that PCL/HA is a suitable candidate for scaffolds in TE applications [38]. As a result, copolymer-based electrospinning appears to be an appealing option for improving the characteristics of polymers for TE applications.





4. Solvent Used for Electrospinning


The dissolving of the polymer in a suitable solvent is the initial step in the electrospinning process. Solvents must have good boiling points, volatility, vapour pressure, and other properties and must maintain the integrity of the polymer solution. This is due to the fact that the solvent that is used to prepare the polymer solutions has a substantial effect on the morphology and spinnability of the fibres [6]. The boiling point, solubility of the polymer and dielectric constant of the solvent are all factors affecting the choice of solvent used in electrospinning.



During the electrospinning process, the solvent will evaporate as the fluid jet accelerates towards the collector [39]. Individual fibres will be formed if most of the solvent evaporates. While a fibre may not be formed at all, or a thin film of polymer solution may be deposited on the collector if most of the solvent does not evaporate [40]. The majority of polymers used in electrospinning are insoluble in aqueous solutions. Hence, the use of organic solvents is mostly unavoidable to allow for full polymer expansion in the solution, produce dry unmerged fibres, and make electrospinning feasible.



Most common solvents such as acrylic acid, chloroform, dichloromethane (DCM), tetrahydrofuran (THF), dimethylformamide (DMF), and hexafluoro isopropanol (HFIP) are used to synthesise electrospun fibres [41]. Table 2 shows a list of the common solvents used in the electrospinning process, together with the average fibre sizes of the generated nanofibres.



Even though these solvents have low boiling points and can dissolve most natural and synthetic polymers, it is important to note that some polymers have a high affinity for certain solvents and thus have a high likelihood of containing residual solvents during the electrospinning process. The residual solvent in electrospun fibres may be a potential cause of cytotoxicity, which can influence the biological function of a scaffold [42]. Therefore, it is very important to choose a compatible and suitable solvent before starting the electrospinning process.
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Table 2. List of common solvents used in electrospinning based direct current (DC) and alternating current (AC) voltage.
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	Polymer
	Solvent
	Voltage
	Fibre Diameter (nm)
	Application
	Reference





	Silk fibroin/PCL/polyglycerol sebacate
	1,1,1,3,3,3-Hexafluoro-2-propanol, formic acid
	DC
	4100 ± 3000–2110 ± 1340
	Skin TE
	[34]



	PCL/HA/gelatin
	Chloroform, methanol
	DC
	615 ± 269
	Bone TE
	[32]



	Chitosan
	Trifluoroacetic acid, dichloromethane
	DC
	231.2 ± 93.3
	Bone regeneration
	[35]



	Collagen/polypyrrole/chitosan
	Water/ethanol mixture
	DC
	337.9–83.7
	Cardiac TE
	[43]



	Polyethylene glycol/acetate butyrate
	Acetone, dimethylacetamide
	DC
	436.81 ± 139.52
	Scaffold TE
	[44]



	PCL
	Acetic acid/formic acid/acetone
	AC
	960 ± 400–2100 ± 1900
	Industrial scale fabrication
	[45]



	Polyurethane/polyamide 6 (PA6)
	-
	AC
	-
	Suture
	[46]



	Fish skin gelatin (FG)/PCL
	Glacial acetic acid
	AC
	237–313
	Biomaterial
	[47]



	PCL
	Formic acid, formic acid/acetic acid, and formic acid/acetic acid/acetone
	AC
	-
	Industrial scale fabrication
	[48]









5. Mechanism of Electrospinning


Electrospinning is a technique that involves a unique rotation process where it uses electrostatic force to produce nanofibres from a polymer solution. To overcome surface tension on a charged polymer solution, several tens of DC voltage are required to provide a significant repulsive electrical force [49]. As shown in Figure 3, there are currently two basic electrospinning setups: vertical and horizontal. Along with the rapid development of this technology, a more advanced system was created by a few research groups that can synthesise more complex nanofibrous structures in a more controlled and efficient manner [6]. In general, this process is conducted at room temperature under atmospheric conditions.



The syringe pump, grounded collector, and high-voltage DC power source are the three main components of the electrospinning setup. Prior to the process, the polymer must be dissolved with a solvent agent, such as chloroform, water, or ethanol, to form a polymer solution. In the electrospinning process, the syringe pump is used to force the solution through a needle attached to the syringe with a controlled flow rate. When the high voltage is applied to the solution, it induces a charge in the solution. As a result, it will cause a repulsive interaction between the like charges in the solution that increases with an increase in the electric field induced by the high voltage. A Taylor cone is formed when the electrical forces in the solution are balanced by the surface tension. When the electrical forces become greater than the surface tension of the solution, a charged fibre jet is ejected from the Taylor cone and accelerates towards a grounded collector [27].



Furthermore, there are some electrospinning strategies, such as the use of AC high-voltage electrospinning technology [45,46,47,48]. When the applied AC voltage is used, the electric pressure tends to suppress the capillary pressure because the polarity and magnitude of AC change with respect to time. At the critical voltage (positive and negative polarity), the jet is then ejected from the free liquid surface, and due to insufficient electric pressure, only a few of the previously formed jets are quenched at voltages below the critical voltage [48].



Another electrospinning strategy is the development of electrospinning-based scaffolds with a radially oriented nanofibre pattern. In order to collect the electrospun nanofibres with radially oriented structures, pin-ring-structured collectors were created by inserting a metal pin into the centre of a metal ring [51].




6. Electrospinning Parameters


Various parameters can significantly influence the smoothness and effectiveness of the electrospinning process, which can be divided into these categories: solution parameters, process parameters, and ambient parameters. Solution parameters include the viscosity, conductivity, molecular weight, and surface tension of the solution. While the process parameters include the applied voltages, distance from the tip to the collector, flow rate, and the electric field induced by the collector. Lastly, ambient parameters include the temperature and humidity of the surroundings. Each of these parameters affects the morphology and diameter of the nanofibre produced via the electrospinning process. Table 3 shows the effect of the morphology and diameter of the nanofibre produced when different parameters are applied during the electrospinning process.




7. Electrospun Nanofibres for TE Application


Electrospun fibrous membranes are widely used for TE applications. TE requires a scaffold that supports cells, regenerates ECM components, and provides a vector to deliver biochemical factors [18]. The nanoscale structure of the native ECM-containing network of glycosaminoglycans (GAGs) and proteins forms a boundary between tissues and a supportive meshwork around the cells to provide cell anchorage [18]. Hence, many researchers have focused on designing scaffolds with similar properties to those of human tissue at the nanoscale level. Various scaffolds have been successfully produced from fibres through an electrospinning process which can be applied for bone, cartilage, vascular, nerve, and skin TE as shown in Figure 4.



The scaffold design used for TE should have good mechanical strength to support the new tissue growth and be bioactive to influence the cellular response. In addition, when deciding the usage of the fabricated material in clinical applications, a blood compatibility test must be considered as well. This is because blood incompatibility causes the formation of the thrombus during the platelet surface interaction, which results in the failure of the fabricated material [63]. Table 4 presents a summary of the previous research conducted on the application of scaffolds in TE.
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Figure 4. Application of scaffolds in TE. Source: [64]. 






Figure 4. Application of scaffolds in TE. Source: [64].



[image: Polymers 15 02418 g004]





7.1. Bone TE


Bone is an essential supportive structure in the human body. It serves to produce blood cells, enables human mobility, acts as a mineral pool for calcium and maintains the acid–base balance, and protects and supports various organs [81]. Natural bone is made up of 70 wt% hydroxyapatite nanocrystals and 30 wt% collagen fibrils [81]. Bone defects may cause decreased mobility, chronic pain, depression, sleep loss, and limitation in routine activities [81]. Bone healing become one of the main challenges to dentistry, orthopaedics, and craniofacial surgery. It is a difficult process that involves a cascade of osteogenic events [81]. Therefore, bone TE demands the production of engineered tissues that use scaffolds, cells, and growth factors to promote the regeneration of damaged or fractured bones with efficient mineralisation. The ideal bone healing scaffolds should have appropriate osteogenic differentiation ability and suitable mechanical properties [81].



Bone TE can have the following feature in biomimetic scaffolds: rebuilding of the nanofibrous collagen in ECM, high porosity to enable cell differentiation and ingrowth, and resistance to mechanical stress during tissue neogenesis [32]. Many scaffolds for bone TE have recently been developed using synthetic and natural polymers such as alginate, polylactic acid (PLA), poly(lactic-co-glycolic acid) (PLGA), chitosan, PCL, collagen, and their mixtures with other substances, producing fibrous nanocomposites with compositions and construction akin to the basic building blocks of inherently mineralised collagen nanofibres [64,82,83].



Gautam et al. prepared a nanocomposite scaffold which consists of gelatin, polycaprolactone, and nanohydroxyapatite for bone regeneration. The cell-scaffold constructs illustrated adequately spread cells and efficient cellular attachment [32]. Jaganathan et al. used the electrospinning technique to synthesise polyurethane electrospun nanofibres for bone repair. The addition of rosemary and copper sulphate to PU electrospun nanofibres provided better cell proliferation and higher tensile strength than the use of pure PU nanofibres [63]. Rethinam et al. developed an electrospun nano-bio membrane (ENBM) using PVA and a nano-demineralised bone matrix (nano-DBM) with the addition of carbon nanoparticles (CNPs) to give the ENBM extra strength for bone tissue regeneration [65]. The ENBM’s effective biocompatibility properties were investigated using the MG 63 osteoblast cell line, which demonstrated 100% biocompatibility and a comparatively significant number of viable cells. Furthermore, the ENBM scaffold exhibited improved mechanical properties, viz. 14.58 ± 0.13 MPa of tensile strength, 13.87% ± 0.05% of elongation at break, and 36.84% ± 0.11% water absorption [65]. This study showed the ENBM’s bone production in bone tissue regeneration and regenerative medicine.




7.2. Cartilage TE


Cartilage is a smooth, elastic, and resilient tissue. It consists of a rubber-like cushioning that covers and protects the ends of long bones at joints, as well as a structural component of the bronchial tubes, intervertebral discs, rib cage, ear, and nose. Treating a cartilage defect is a challenge for orthopaedics because of low mitotic activity, insufficient number of chondrocytes, and its avascular nature [81]. As a result, TE by electrospinning offers a viable alternative material for the treatment of injured cartilage. This is due to the ability of electrospun nanofibres made from synthetic, natural, or composite polymers to imitate the arrangement of collagen fibrils in the cartilage’s original ECM. Electrospun nanofibres can support the biological properties of scaffolds, such as chondrogenic differentiation and cell–matrix interaction, as well as promote the stiffness of the matrix [64].



Many studies have examined the potential of scaffolds with the use of nanofibres for cartilage healing. Sharifi et al. developed the electrospun composite nanofibrous scaffold, which consists of gelatin-chondroitin sulphate (G-CS) and PCL with a 2/1 ratio via the co-electrospinning technique for cartilage repair [66]. The presence of G-CS provided the scaffold with improved hydrophilicity and prepared the cell attraction environment for human mesenchymal stem cell (hMSC) cultures. Moreover, Feng et al. prepared a cartilage-derived extracellular matrix (cECM) and PCL to fabricate the cECM/PCL (mass ratio 50:50) hybrid nanofibres for cartilage regeneration. The presence of cECM in the nanofibrous membranes facilitated cartilage regeneration in vivo and promoted chondrocyte proliferation in vitro [67]. Silva et al. used the electrospinning technique to synthesise a scaffold consisting of PGS and PCL for cartilage repair. The composite scaffold showed a favourable result, as all the electrospun scaffolds prepared were able to mimic the structural features of cartilage ECM, which encourages the delivery of a chondro-inductive small molecule and supported cell culture. The electrospun scaffolds were nanoscale in size, which has previously been proven to be beneficial for mesenchymal stem cell (MSC) chondrogenic development. Hence, this finding highlights the prospect of kartogenin-loaded coaxial aligned nanofibres in the advancement of novel biomimetic MSC-based strategies to regenerate the articular cartilage, particularly for the repair of defects in its superficial zone [68]. Lastly, another biomedical application that can be used to treat the injured cartilage is Poly(N-isopropylacrylamide) based thermoresponsive surfaces. It involves the use of thermoresponsive cell culture dishes to fabricate the chondrocyte sheets. Cartilage regeneration was observed following the transplantation of chondrocyte sheets. Cartridge regeneration therapy is currently performed in human patients in clinical practice [84].




7.3. Vascular TE


One of the major causes of mortality and morbidity in the world is cardiovascular diseases such as coronary arterial restenosis, cardiomyopathy, and atherosclerosis. At the moment, autologous vascular grafts that are mainly used in clinics are limited by the need for a second surgical procedure and limited sources. Artificial grafts such as Dacron 1 and polytetrafluoroethylene have also been applied in the clinical treatment of vascular disease. However, these artificial grafts are not ideal for the treatment of small-diameter blood vessel disease (<5 mm) [81]. Electrospinning technology provides precise control over nanofibre orientation to modify the structure, porosity, and pore size distribution of the scaffolds. Therefore, electrospun scaffolds have shown promise in meeting the replacement needs of small-diameter blood vessels, as the electrospun nanofibres can mimic the structure of natural blood vessels [64].



Abdal-hay et al. studied the use of polyurethane, PCL, and tetrahydrofuran (THF) in the synthesis of biophasic scaffolds via the electrospinning technique [70]. The tensile strength and tensile elastic (Young’s) modulus of the biphasic scaffolds were significantly enhanced from 4.5 ± 1.72 and 45 ± 15 MPa (PU-only) to 67.5 ± 2.4 and 1039 ± 81.8 MPa (PCL/PU; p < 0.05) [70]. Additionally, the burst pressure, suture retention force, and compliance were all enhanced. Hence, this study could be used for vascular TE as it can improve the mechanical properties of a vascular graft scaffold [70]. Joy et al. prepared the oxidised carboxymethyl cellulose (OCMC)-gelatin tubular scaffold by using an electrospinning process. Its nontoxicity was validated by an MTT assay. Between 7 and 15 days after implantation, no aberrant foreign body reactions were noticed, suggesting that this tubular scaffold was appropriate for use in vascular TE applications [69]. Xiang et al. investigated the potential of spider silk protein (pNSR32) and gelatin (G) to incorporate into a PCL scaffold via the electrospinning technique [71]. The results showed that the pNSR32/PCL/Gt scaffold had a faster degradation rate, wider fibre diameter distribution, and larger average fibre diameters than the pNSR32/PCL and PCL scaffolds. The pNSR32/PCL/Gt scaffold had greater tissue and blood compatibility than the PCL and pNSR32/PCL scaffolds, which was supported by this study. The pNSR32/PCL/Gt scaffold was a suitable option for creating small-diameter vascular tissue due to the absence of an inflammatory factor and the induction of genotoxicity releases [71].



Klabukov et al. explored flat microfibrous scaffolds obtained by electrospinning polycaprolactone with the incorporation of the pCMV-VEGF-165 plasmid into the microfibres at concentrations of 0.005 ng of plasmid per 1 mg of polycaprolactone (0.005 ng/mg) (LCGroup) and 0.05 ng/mg (HCGroup) [85]. The results demonstrated that pCMV-VEGF165 plasmid functionalisation of polycaprolactone led to better vascularisation 33 days after implantation; however, vessel growth did not appear to be correlated with scaffold degradation rate [85].




7.4. Nerve TE


A common burden on the global healthcare system is neurological deterioration. Although artificial nerve grafts and the implantation of autografts have been investigated for the treatment of nerve damage, nerve damage restoration is still a difficult issue in this sector. This is due to the fact that autografting lacks accessible donors, requires surgery at the donor location, and may cause the donor site to lose its functionality, while synthetic nerve grafts perform poorly at repairing nerve abnormalities [64]. Therefore, an alternate strategy for the treatment of nerve injury could involve the use of scaffolds made from electrospun nanofibres. Improved neurite outgrowth, the possibility to build nanofibre-based artificial nerve grafts, and mechanical and biomechanical cues for differentiating stem cells are all advantages of electrospun nanofibres [64]. Applications of aligned nanofibrous scaffolds or the incorporation of bioactive materials into electrospun nanofibrous scaffolds have been the focus of some studies [81].



An electrospun PCL-gelatin-graphene nanofibrous mat was designed by Heidari et al., which exhibited 99% antibacterial properties against gram-positive and gram-negative bacteria [75]. These superior properties, along with an enhancement in the biodegradation features and hydrophilicity, have made the PCL/gelatin/graphene nanofibre a favourable candidate to be used as electrically conductive scaffolds in nerve TE [75]. In addition, Ghasemi-Mobarakeh et al. used the electrospinning technique to fabricate a biocomposite of the PCL/gelatin scaffold [76]. The MTS assay and SEM results showed that the biocomposite of the PCL/gelatin 70:30 nanofibrous scaffolds enhanced nerve differentiation and proliferation compared to PCL nanofibrous scaffolds and acted as a positive cue to support neurite outgrowth. It was found to exhibit the most balanced properties to meet all the required specifications for nerve tissue [76]. Babaie et al. prepared a PVA and poly (3,4-ethylenedioxythiophene) (PEDOT) scaffold via electrospinning for nerve treatment. There was an improvement in terms of cell viability and physiochemical properties when a PVA/PEDOT-containing scaffold was used [77]. This study showed that the PVA/PEDOT scaffold could enhance neural differentiation and cellular response by mimicking the properties of the native neural tissue [77].




7.5. Skin TE


Skin is the first defence organ against insult from the environment and is the largest organ of vertebrates. It protects vertebrates from chemical hazards, mechanical injury, and bacterial invasion. The body triggers a response called wound healing when an injury damages the skin’s protective barriers. Usually, skin necrosis and defects can result from chemical damage, tissue trauma, burns, and ultraviolet radiation. Hence, skin defect repair is an important clinical issue. Allografts, autografts, and xenografts are the traditional methods for repairing skin defects [64]. However, these conventional treatments have their own disadvantages, as autografts are still limited by donor site morbidity and the autograft supply. Although it is easy to obtain xenografts and allografts, they are constrained by a significant risk of disease transmission and immunological rejection. That is why a lot of research has been conducted on electrospun scaffolds for the treatment of skin defect repair [86,87]. This is because they can easily load epidermal factors, vasculogenic factors, angiogenic factors, and molecules with antimicrobial and anti-inflammatory properties. They can also spread and aid in the adhesion of keratinocytes and fibroblasts. Additionally, they can aid mesenchymal stem cells in differentiating and expanding to form epidermal lineage cells [64].



Many synthetic and natural polymers have been developed as matrix biomaterials for wound healing. Adeli-Sardou et al. investigated the potential of lawsone (2-hydroxy-1,4-naphthoquinone) and polycaprolactone-gelatin (PCL-G) to fabricate a scaffold via the electrospinning technique for wound healing [79]. The PCL/G/Law 1% scaffold increased cell attachment and proliferation significantly. It also had the highest impact on healing by increasing the re-epithelialisation of the wound after 14 days. Thus, it was concluded that PCL/G/Law 1% scaffold has excellent characteristics and can be used for skin tissue regeneration [79]. Narayanan et al. fabricated a scaffold via the electrospinning technique, which consisted of glucose-reduced graphene oxide (GRGO), PVA, and glutaraldehyde (GA). The findings revealed that after 21 days of culture, the scaffold considerably improved metabolic activity and had great compatibility with fibroblasts. The scaffold improved fibroblast vitality and proliferation, according to live/dead imaging studies, suggesting the possibility of skin TE applications [78]. Keirouz et al. prepared a scaffold of PGS and polyvinyl pyrrolidone (PVP) by using an electrospinning technique. Good viability and proliferation of human dermal fibroblast cells were shown in an in vitro examination of the PGS/PVP scaffold [80]. This study introduced a special elastomer as a possible future contender for skin substitute structures, and it gave useful insights for adjusting the elastic characteristics of an electrospun material [80].




7.6. Tendon and Ligament TE


Due to their innately poor healing potential for tendon and ligament injuries—which are typically common in physically active young people—they present a substantial clinical problem. Natural healing of tendon and ligament injuries usually forms scar-like tissue that has poor mechanical properties due to their innately poor healing potential. So, a possible alternative strategy for tendon and ligament regeneration is tissue engineering. By providing an artificial ECM that is analogous to the collagen fibre bundles of the real tissues, electrospun nanofibrous scaffolds have been used to aid in the regeneration of ligaments and tendons [64]. Collagen fibres arranged in parallel arrays and tightly packed together make up the majority of healthy normal tendons, giving them highly anisotropic mechanical properties [64]. Because they resemble the anisotropic shape of the natural tissues, scaffolds developed of aligned nanofibres are, therefore, potential options for tendon and ligament tissue engineering.



Jiangyu Cai et al. created novel nano-micro fibrous woven scaffolds with tendon-like anisotropic structures and high-strength mechanical properties for the treatment of large-size tendon injury by combining an advanced electrospun nanofibre yarn-generating technique with a conventional textile manufacturing strategy [88]. The mechanical qualities of the electrospun nanofibre yarns, which were created from pure poly L-lactic acid (PLLA) or a combination of silk fibroin (SF) and PLLA, were on par with or even better than those of commercial PLLA microfibre yarns [88].





8. Clinical Perspectives of Electrospun Nanofibres


Although electrospinning is a cheap, simple, and versatile method to prepare fibrous scaffolds by using a nanometre which is suitable for TE, its clinical application has not yet been fully exploited in the market. Several companies have made significant technical progress in this field, but none of the products have yet been approved by the Food and Drug Administration (FDA) [89]. For example, St. Teresa Medical, Inc.® (Eagan, MI, USA) produced SURGICLOT, in which electrospun fibres provide proteins to promote blood clotting [90]. Another example is as follows: Zeus® (Orangeburg, SC, USA) produced an electrospun PTFE graft named Bioweb™ (Orangeburg, SC, USA) with application in stent encapsulation, scaffolding, and implantable structures in the body [91]. Furthermore, Nicast synthesised a vascular access graft, AVflo™ (Chennai, India), prepared from silicone and polycarbonate-urethane with a multilayered electrospun configuration [64].



The above scenario could be related to problems with the effectiveness and safety of electrospun fibres as well as the financial and technological obstacles that need to be overcome for clinical applications. Additionally, electrospinning has a low productivity yield from an economic perspective and needs highly skilled workers to produce items of a high calibre. Technically speaking, one of the key problems is the dearth of reliable and sophisticated fabrication techniques, as well as the subpar product quality. For instance, it is still very difficult to produce a large number of commercial goods using an electrospinning setup in a continuous process. By overcoming the abovementioned difficulties, the immense promise of electrospun nanofibres in TE may be exploited and converted into clinical results [64].




9. Limitation of Electrospun Scaffold


Although the electrospinning technique has a clear advantage over other scaffold fabrication techniques, this technique still encounters two main practical limitations, namely poor cell infiltration and inadequate mechanical strength for load-bearing applications [40].



9.1. Poor Cellular Infiltration and Ingrowth


Electrospun scaffolds have a high surface porous structure and are made entirely of layers of densely packed nanofibres. Electrospun materials’ porous structure enables the passage of nutrients and growth agents through the mesh. In general, the fabrication of electrospun fibres on the submicron scale increases the number of fibre contacts per unit length, which results in a decrease in the average pore radius. Electrospun nanofibres with extremely small pore sizes can lead to poor cellular infiltration. The high packing density of the nanofibrous mat is also a factor in the poor cell infiltration in the electrospun nanofibrous scaffold. The grounded charge on a conventional electrospinning collector is uniformly distributed over a considerable region. As a result, a group of fibres are deposited next to one another in one layer, and then other layers are deposited on top of the first one. The layers below are compressed because each layer is still securely linked to the grounded collector. The result of this procedure is a structure with tightly packed fibre layers [40]. Poor cellular infiltration may block cell migration into the scaffold, limiting vascularisation, resulting in an uneven distribution of cells throughout the structure, and preventing tissue ingrowth due to the limited transport of nutrients and waste [6]. Therefore, scaffold design should include interconnected and larger pores for better cellular and tissue interaction.




9.2. Inadequate Mechanical Strength for Load Bearing


Although electrospun scaffolds can mimic the nanomechanical and nanostructural features of the native ECM, these scaffolds lack the appropriate mechanical properties for load-bearing applications because the scaffolds inherently possess high porosity. Furthermore, the electrospun scaffolds also cannot be utilised for load-bearing applications as mechanical strength of approximately 150 MPa is required, which is not attainable with conventional electrospun fibres [40]. Therefore, a more robust technique is required to overcome this limitation, as discussed in the next section.



As the mechanical properties of scaffold materials are essential for successful tissue engineering applications, it is critical to fabricate electrospun scaffolds with adequate mechanical properties, especially for load-bearing applications. The scaffolds must be sufficiently strong to support cell spreading, cell adhesion, and ECM synthesis. In addition, they should be able to withstand external forces acting upon them to support their function without collapsing and maintain their integrity.





10. Solution for Overcoming the Electrospun Scaffold Limitation


Several solutions have been attempted to overcome poor cellular infiltration, such as tuning electrospinning parameters, electrospinning using a sacrificial component, and a combination of nano- and microfibres.



While with respect to inadequate mechanical strength, the incorporation of the inorganic phase with electrospun materials and postprocessing modification are the best methods to overcome this limitation, as doing so can fabricate electrospun scaffolds with increased structural and mechanical strength [40]. Furthermore, several experiments have been conducted to produce multilayered and heterogeneous scaffolds with predictable mechanical properties [92,93].



10.1. Tuning Electrospinning Parameters


During the electrospinning process, electrospinning parameters such as flow rate, applied voltage, distance from the tip to the collector, concentration of polymer, and ambient conditions considerably affect the structure and morphology of nanofibres. Adjusting these electrospinning parameters is one of the simplest ways to obtain the desirable structure of nanofibres, as by doing so, we can directly tune the pore dimension and packing density of the nanofibres. For example, increasing the flow rate, polymer concentration, or solution viscosity will increase the nanofibre diameter, which will lead to larger pore space [40]. Previous studies on different methods to tune the electrospinning parameters used to overcome poor cell invasion in the electrospinning scaffolds described in this review are summarised in Table 5.




10.2. Electrospinning Using a Sacrificial Component


Various materials such as salt particles, water-soluble polymers, and ice crystals can be temporarily combined with shaped nanofibres to act as removable templates during electrospinning. After the removal of the template, more porosity is introduced into the network due to the voids that arise between the electrospun fibres. Rapidly dissolving polymers such as PVA, gelatin, or polyethylene oxide (PEO) are commonly fused into slowly degradable polymers by dual electrospinning. After soaking the nanofibres in an aqueous medium, nanofibres with relatively large pore sizes and improved porosity are obtained. The pore size of these materials depends on the shape of the sacrificial fibre phase entangled in the electrospun structure [40]. Moreover, the role of sacrificial fibres is not limited to facilitating cell invasion but also to creating loosely connected structures formed by selective lysis.



Recently, salt leaching has been widely used to fabricate porous 3D scaffolds for TE applications. The salt particles are uniformly dispersed in the polymer solution and leached out to create large pores with controllable pore sizes determined by the particle size. Therefore, the combination of electrospinning and salt leaching results in electrospun scaffolds with larger diameters and pore sizes for improved cell invasion [97]. Kim created his macroporous and nanofibre 3D scaffolds by saline leaching [98]. In their study, a homogenous porous mesh of hyaluronic acid/collagen was created by rotating salt particles simultaneously. Sodium chloride (NaCl) particles with deposited nanofibres water-swellable frameworks with macroporous and nanofibre morphologies were obtained by chemical crosslinking and subsequent salt leaching. The resulting scaffolds promoted chondrocyte proliferation and growth and maintained their morphology during the culture period [98]. In another study by Nam et al., small salts, approximately 90–106 μm in diameter, were used in Taylor cones with a sheath surrounding the needle at intervals of electrospun polycalolactone. This created a uniform nanofibre network with well-dispersed salt particles. Salt leaching then increased delamination within the PCL fibre framework, resulting in larger and improved pores [99].




10.3. Combination of Micro- and Nanofibres


Increasing the fibre diameter improves cell infiltration and pore size but decreases the fibre-cell contact area. An ideal tissue engineering scaffold should promote both good cell invasion and good adhesion, ultimately requiring a balanced combination of both to promote complete tissue formation. Therefore, it is important to find a balance between pore size and fibre diameter to ensure good cell infiltration. A combination of microfibres and nanofibres offers a solution for optimised cell invasion and cell adhesion with critical pore connectivity. Nanofibres provide an ECM-like substrate for enhanced cell attachment and proliferation, while microfibres can enlarge the pore size and promote proper cell invasion [40]. The pore size was shown to strongly depend on the nanofibre diameter, ultimately determining the cell permeation behaviour of the electrospun scaffolds [96]. This leads to a method of combining nanofibres and microfibres to create scaffolds that exploit the inherent advantages of both electrospun fibres. Electrospun nano/microfibre hybrid scaffolds can be generated by two-stream electrospinning, where one stream produces nanofibres and the other produces microfibres [97].



Ju et al. showed to overcome the limitation of smooth muscle cell infiltration into the scaffold by fabricating a two-layer electrospun scaffold composed of large-diameter fibres on the outside and small-diameter fibres on the inside. The resulting scaffolds exhibited endothelialisation at the luminal surface as well as SMC penetration into the outer layer [100]. In another study, Pham et al. produced a polycaprolactone (PCL) scaffold consisting of 5 mm microfibres interspersed with 600 nm nanofibres within a bioreactor within 12 days, supporting complete cell infiltration throughout the scaffold [101].



A study on the salt-based electrostatic flocking method by McCarthy et al. was used to fabricate a two-layer electrospun scaffold composed of poly(ε-caprolactone) (PCL) microfibres (MF) and electrospun PCL nanofibre yarns (NFY). Both MF and NFY were evaluated for mechanical properties, swarm functionality and biological responses. The resulting scaffolds have the potential for wound healing and treatment of lumbar degenerative disc disease [102].




10.4. Incorporating the Inorganic Phase with Electrospun Materials


Electrospinning with copolymers is widely pursued in TE applications through methods such as copolymerisation and incorporation of inorganic phases, as it offers improved properties of polymeric materials, such as mechanical strength, thermal stability tuning, and barrier properties [6]. It has been observed that mixing an inorganic material such as nanohydroxyapatite bioactive nanoparticles or carbon nanotubes into the polymer matrix alters physical properties and biodegradation, thereby resulting in a modified polymer with highly influenced mechanical properties. These characteristics are desired in TE compositions such as scaffolds, fibres, and films. When these components are present in scaffold materials, they can boost mechanical strength when compared to pure polymeric electrospun structures.



For example, hydroxyapatite (HA) is the major inorganic component of natural bone widely used for incorporation into the polymer matrix. Several approaches have been used for the incorporation of HA into an electrospun scaffold, such as blending of HA with a polymeric component, an alternate soaking method, incubating electrospun scaffolds in simulated body fluid (SBF) [38,103,104] and also the use of HA with emulsion and coaxial electrospinning to create multifunctional scaffolds for bone tissue regeneration [105].




10.5. Postprocessing Modification


Most electrospun scaffolds of natural polymers are not very stable in aqueous environments. They collapse and swell into films when they come into contact with water, as the number of interconnected pores is significantly reduced. Moreover, they show a remarkable reduction in tensile strength [40]. Thus, crosslinking is applied to enhance the mechanical properties and maintain the fibrous morphology after electrospinning [106]. Crosslinking can be performed either by radiation, including γ-irradiation or ultraviolet heat, dehydrothermal treatment, or chemical agents, including glutaraldehyde [107,108,109]. Therefore, crosslinking has been shown to be an effective method for enhancing the mechanical strength and the water resistance of fibrous scaffolds. For example, Jiang managed to enhance the mechanical properties and the water stability of the electrospun fibres of a plant protein, zein, through a two-step crosslinking process [110]. A pre-crosslinking step was carried out to allow the formation of crosslinking sites and the expansion of the zein molecule chains. After the electrospinning process, the electrospun zein materials were post-crosslinked by heating. The resultant scaffolds showed morphological stability and improved mechanical strength [110].





11. Conclusions


A nanofibrous scaffold for TE applications can be synthesised using one of the three main scaffold fabrication techniques, namely electrospinning, self-assembly, and phase separation. Of these techniques, electrospinning is the most studied and seems to provide the most promising results for TE. Electrospinning is a dry spinning process that uses electrostatic forces to draw fibres from a polymer solution. Electrospinning has been shown to be a powerful tool for fabricating TE scaffolds because it is inexpensive, versatile, simple, and can form ECM-like structures. Nanofibres synthesised using electrospinning technology have resulted in scaffolds with increased porosity and a large surface area. These properties have been shown to provide a favourable environment for cell adhesion, proliferation, and differentiation. Therefore, nanofibrous scaffolds are currently being explored as scaffolds for skin, heart, bone, nerves, and vessels TE. However, for final use in clinical applications, the poor cell infiltration and low mechanical strength of conventional electrospun scaffolds should be considered. These inherent limitations of electrospinning have recently attracted much attention, and various solutions have been proposed to overcome them. Despite these limitations, previous studies have clearly shown that nanofibre-based scaffolds have excellent potential for developing a wide range of applications TE. Future research should investigate multifunctional scaffolds capable of physically promoting cell development and supporting tissue regeneration by delivering bioactive signals to make them useful for the clinical applications market. It is critical to move the production of electrospun nanofibres from the laboratory to the commercial scale by enabling researchers from multiple disciplines to fabricate and design innovative tissue engineering substrates with the desired goals [111]. For the future prospect, with the right materials, optimised spinning parameters and carefully selected spinning medium, it is possible to develop the electrospinning technique to produce novel materials for a wide range of applications [112].







Author Contributions


Conceptualisation, M.Z.A.Z., D.N., N.S. and S.K.K.; Methodology, M.Z.A.Z.; Formal analysis, M.Z.A.Z.; Writing—original draft preparation, M.Z.A.Z.; Writing—review and editing, M.Z.A.Z.; Supervision, D.N., N.S. and S.K.K.; Project administration, D.N., N.S. and S.K.K.; Funding acquisition, D.N., N.S. and S.K.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Ministry of Higher Education Malaysia, through a Fundamental Research Grant Scheme (FRGS) with code (FRGS/1/2020/TK0/UKM/02/30).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data are available upon request to the authors.




Acknowledgments


The authors would like to acknowledge funding from the Ministry of Higher Education Malaysia, through a Fundamental Research Grant Scheme (FRGS) with code FRGS/1/2020/TK0/UKM/02/30.




Conflicts of Interest


The authors declare that they have no known competing financial interest or personal relationships that could have appeared to influence the work reported in this paper.




References


	



Vasita, R.; Katti, D.S. Nanofibers and their applications in tissue engineering. Int. J. Nanomed. 2006, 1, 15–30. [Google Scholar] [CrossRef] [PubMed]

	



Smith, L.A.; Ma, P.X. Nano-fibrous scaffolds for tissue engineering. Colloids Surf. B Biointerfaces 2004, 39, 125–131. [Google Scholar] [CrossRef] [PubMed]

	



Nastyshyn, S.; Stetsyshyn, Y.; Raczkowska, J.; Nastishin, Y.; Melnyk, Y.; Panchenko, Y.; Budkowski, A. Temperature-Responsive Polymer Brush Coatings for Advanced Biomedical Applications. Polymers 2022, 14, 4245. [Google Scholar] [CrossRef] [PubMed]

	



Kuo, C.K.; Tuan, R.S. Tissue Engineering with Mesenchymal Stem Cells. IEEE Eng. Med. Biol. Mag. 2003, 22, 51–56. [Google Scholar] [CrossRef]

	



Ikada, Y. Challenges in tissue engineering. J. R. Soc. Interface 2006, 3, 589–601. [Google Scholar] [CrossRef] [PubMed]

	



Bhardwaj, N.; Kundu, S.C. Electrospinning: A fascinating fiber fabrication technique. Biotechnol. Adv. 2010, 28, 325–347. [Google Scholar] [CrossRef]

	



Sequeira, R.S.; Miguel, S.P.; Cabral, C.S.D.; Moreira, A.F.; Ferreira, P.; Correia, I.J. Development of a poly(vinyl alcohol)/lysine electrospun membrane-based drug delivery system for improved skin regeneration. Int. J. Pharm. 2019, 570, 118640. [Google Scholar] [CrossRef]

	



García-Salinas, S.; Evangelopoulos, M.; Gámez-Herrera, E.; Arruebo, M.; Irusta, S.; Taraballi, F.; Mendoza, G.; Tasciotti, E. Electrospun anti-inflammatory patch loaded with essential oils for wound healing. Int. J. Pharm. 2020, 577, 119067. [Google Scholar] [CrossRef]

	



Eivazi Zadeh, Z.; Solouk, A.; Shafieian, M.; Haghbin Nazarpak, M. Electrospun polyurethane/carbon nanotube composites with different amounts of carbon nanotubes and almost the same fiber diameter for biomedical applications. Mater. Sci. Eng. 2021, 118, 111403. [Google Scholar] [CrossRef]

	



Zhang, W.; He, Z.; Han, Y.; Jiang, Q.; Zhan, C.; Zhang, K.; Li, Z.; Zhang, R. Structural design and environmental applications of electrospun nanofibers. Compos. Part A Appl. Sci. Manuf. 2020, 137, 106009. [Google Scholar] [CrossRef]

	



Topuz, F.; Uyar, T. Antioxidant, antibacterial and antifungal electrospun nanofibers for food packaging applications. Food Res. Int. 2020, 130, 108927. [Google Scholar] [CrossRef]

	



Moazzami Goudarzi, Z.; Behzad, T.; Ghasemi-Mobarakeh, L.; Kharaziha, M. An investigation into influence of acetylated cellulose nanofibers on properties of PCL/Gelatin electrospun nanofibrous scaffold for soft tissue engineering. Polymer 2021, 213, 123313. [Google Scholar] [CrossRef]

	



Chandika, P.; Heo, S.Y.; Kim, T.H.; Oh, G.W.; Kim, G.H.; Kim, M.S.; Jung, W.K. Recent advances in biological macromolecule based tissue-engineered composite scaffolds for cardiac tissue regeneration applications. Int. J. Biol. Macromol. 2020, 164, 2329–2357. [Google Scholar] [CrossRef]

	



Cao, S.; Zhao, Y.; Hu, Y.; Zou, L.; Chen, J. New perspectives: In-situ tissue engineering for bone repair scaffold. Compos. Part B Eng. 2020, 202, 108445. [Google Scholar] [CrossRef]

	



Tao, F.; Cheng, Y.; Shi, X.; Zheng, H.; Du, Y.; Xiang, W.; Deng, H. Applications of chitin and chitosan nanofibers in bone regenerative engineering. Carbohydr. Polym. 2020, 230, 115658. [Google Scholar] [CrossRef] [PubMed]

	



Xie, X.; Chen, Y.; Wang, X.; Xu, X.; Shen, Y.; Khan, A.u.R.; Aldalbahi, A.; Fetz, A.E.; Bowlin, G.L.; El-Newehy, M.; et al. Electrospinning nanofiber scaffolds for soft and hard tissue regeneration. J. Mater. Sci. Technol. 2020, 59, 243–261. [Google Scholar] [CrossRef]

	



Chen, Y.; Shafiq, M.; Liu, M.; Morsi, Y.; Mo, X. Advanced fabrication for electrospun three-dimensional nanofiber aerogels and scaffolds. Bioact. Mater. 2020, 5, 963–979. [Google Scholar] [CrossRef]

	



Rahmati, M.; Mills, D.K.; Urbanska, A.M.; Saeb, M.R.; Venugopal, J.R.; Ramakrishna, S.; Mozafari, M. Electrospinning for tissue engineering applications. Prog. Mater. Sci. 2021, 117, 100721. [Google Scholar] [CrossRef]

	



Kumar, A.; Jacob, A. Techniques in scaffold fabrication process for tissue engineering applications: A review. J. Appl. Biol. Biotechnol. 2022, 10, 163–176. [Google Scholar] [CrossRef]

	



Peck, M.; Dusserre, N.; McAllister, T.N.; L’Heureux, N. Tissue engineering by self-assembly. Mater. Today 2011, 14, 218–224. [Google Scholar] [CrossRef]

	



Tucker, N.; Stanger, J. The History of the Science and Technology of Electrospinning from 1600 to 1995. J. Eng. Fibers Fabr. 2012, 7, 63–73. [Google Scholar] [CrossRef]

	



Zulkifli, M.Z.A.; Kamarudin, N.H.N.; Nordin, D. Polycaprolactone / Chlorophyllin Sodium Copper Salt Nanofibrous Mats Prepared by Electrospinning for Soft Tissue Engineering. J. Kejuruter. 2019, 2, 69–76. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, K.; Kang, S.X.; Yang, Y.Y.; Yu, D.G. Electrospun functional nanofiber membrane for antibiotic removal in water: Review. Polymers 2021, 13, 226. [Google Scholar] [CrossRef] [PubMed]

	



Huang, Z.M.; Zhang, Y.Z.; Kotaki, M.; Ramakrishna, S. A review on polymer nanofibers by electrospinning and their applications in nanocomposites. Compos. Sci. Technol. 2003, 63, 2223–2253. [Google Scholar] [CrossRef]

	



Subbiah, T.; Bhat, G.S.; Tock, R.W.; Parameswaran, S.; Ramkumar, S.S. Electrospinning of nanofibers. J. Appl. Polym. Sci. 2005, 96, 557–569. [Google Scholar] [CrossRef]

	



Taylor, G. Electrically driven jets. Proc. R. Soc. London. A Math. Phys. Sci. 1969, 313, 453–475. [Google Scholar]

	



Goh, Y.F.; Shakir, I.; Hussain, R. Electrospun fibers for tissue engineering, drug delivery, and wound dressing. J. Mater. Sci. 2013, 48, 3027–3054. [Google Scholar] [CrossRef]

	



Ramakrishna, S.; Fujihara, K.; Teo, W.E.; Yong, T.; Ma, Z.; Ramaseshan, R. Electrospun nanofibers: Solving global issues. Mater. Today 2006, 9, 40–50. [Google Scholar] [CrossRef]

	



Tao, D.; Higaki, Y.; Ma, W.; Wu, H.; Shinohara, T.; Yano, T.; Takahara, A. Chain orientation in poly(glycolic acid)/halloysite nanotube hybrid electrospun fibers. Polymer 2015, 60, 284–291. [Google Scholar] [CrossRef]

	



Xu, J.; Fang, Q.; Liu, Y.; Zhou, Y.; Ye, Z.; Tan, W.S. In situ ornamenting poly(ε-caprolactone) electrospun fibers with different fiber diameters using chondrocyte-derived extracellular matrix for chondrogenesis of mesenchymal stem cells. Colloids Surf. B Biointerfaces 2021, 197, 111374. [Google Scholar] [CrossRef]

	



Shakhssalim, N.; Soleimani, M.; Dehghan, M.M.; Rasouli, J.; Taghizadeh-Jahed, M.; Torbati, P.M.; Naji, M. Bladder smooth muscle cells on electrospun poly(ε-caprolactone)/poly(L-lactic acid) scaffold promote bladder regeneration in a canine model. Mater. Sci. Eng. 2017, 75, 877–884. [Google Scholar] [CrossRef] [PubMed]

	



Gautam, S.; Sharma, C.; Purohit, S.D.; Singh, H.; Dinda, A.K.; Potdar, P.D.; Chou, C.F.; Mishra, N.C. Gelatin-polycaprolactone-nanohydroxyapatite electrospun nanocomposite scaffold for bone tissue engineering. Mater. Sci. Eng. 2021, 119, 111588. [Google Scholar] [CrossRef] [PubMed]

	



Pereira, A.G.B.; Fajardo, A.R.; Gerola, A.P.; Rodrigues, J.H.S.; Nakamura, C.V.; Muniz, E.C.; Hsieh, Y.L. First report of electrospun cellulose acetate nanofibers mats with chitin and chitosan nanowhiskers: Fabrication, characterization, and antibacterial activity. Carbohydr. Polym. 2020, 250, 116954. [Google Scholar] [CrossRef]

	



Keirouz, A.; Zakharova, M.; Kwon, J.; Robert, C.; Koutsos, V.; Callanan, A.; Chen, X.; Fortunato, G.; Radacsi, N. High-throughput production of silk fibroin-based electrospun fibers as biomaterial for skin tissue engineering applications. Mater. Sci. Eng. 2020, 112, 110939. [Google Scholar] [CrossRef] [PubMed]

	



Su, H.; Fujiwara, T.; Anderson, K.M.; Karydis, A.; Ghadri, M.N.; Bumgardner, J.D. A comparison of two types of electrospun chitosan membranes and a collagen membrane in vivo. Dent. Mater. 2021, 37, 60–70. [Google Scholar] [CrossRef]

	



Dash, T.K.; Konkimalla, V.B. Poly-ε-caprolactone based formulations for drug delivery and tissue engineering: A review. J. Control. Release 2012, 158, 15–33. [Google Scholar] [CrossRef]

	



Wang, M.; Hsieh, A.J.; Rutledge, G.C. Electrospinning of poly(MMA-co-MAA) copolymers and their layered silicate nanocomposites for improved thermal properties. Polymer 2005, 46, 3407–3418. [Google Scholar] [CrossRef]

	



Hasan, M.M.; Alam, A.K.M.M.; Nayem, K.A. Application of Electrospinning Techniques for the Production of Tissue Engineering Scaffolds: A Review. Eur. Sci. J. 2014, 10, 1857–7881. [Google Scholar]

	



Venugopal, J.; Low, S.; Choon, A.T.; Ramakrishna, S. Interaction of Cells and Nanofiber Scaffolds in Tissue Engineering. J. Biomed. Mater. Res. Part B Appl. Biomater. 2007, 84, 34–48. [Google Scholar] [CrossRef]

	



Fomby, P.; Cherlin, A.J.; Hadjizadeh, A.; Doillon, C.J.; Sueblinvong, V.; Weiss, D.J.; Bates, J.H.T.; Gilbert, T.; Liles, W.C.; Lutzko, C.; et al. A review of key challenges of electrospun scaffolds for tissue-engineering applications. Ann. Am. Thorac. Soc. 2010, 12, 181–204. [Google Scholar]

	



Yang, Z.; Peng, H.; Wang, W.; Liu, T. Crystallization behavior of poly(ε-caprolactone)/layered double hydroxide nanocomposites. J. Appl. Polym. Sci. 2010, 116, 2658–2667. [Google Scholar] [CrossRef]

	



Erencia, M.; Cano, F.; Tornero, J.A.; Fernandes, M.M.; Tzanov, T.; Macanás, J.; Carrillo, F. Electrospinning of gelatin fibers using solutions with low acetic acid concentration: Effect of solvent composition on both diameter of electrospun fibers and cytotoxicity. J. Appl. Polym. Sci. 2015, 132, 42115. [Google Scholar] [CrossRef]

	



Zarei, M.; Samimi, A.; Khorram, M.; Abdi, M.M.; Golestaneh, S.I. Fabrication and characterization of conductive polypyrrole/chitosan/collagen electrospun nanofiber scaffold for tissuee engineering application. Int. J. Biol. Macromol. 2021, 168, 175–186. [Google Scholar] [CrossRef] [PubMed]

	



Tan, H.L.; Kai, D.; Pasbakhsh, P.; Teow, S.Y.; Lim, Y.Y.; Pushpamalar, J. Electrospun cellulose acetate butyrate/polyethylene glycol (CAB/PEG) composite nanofibers: A potential scaffold for tissue engineering. Colloids Surf. B Biointerfaces 2020, 188, 110713. [Google Scholar] [CrossRef]

	



Sivan, M.; Madheswaran, D.; Valtera, J.; Kostakova, E.K.; Lukas, D. Alternating current electrospinning: The impacts of various high-voltage signal shapes and frequencies on the spinnability and productivity of polycaprolactone nanofibers. Mater. Des. 2022, 213, 110308. [Google Scholar] [CrossRef]

	



Madheswaran, D.; Sivan, M.; Valtera, J.; Kostakova, K.E.; Egghe, T.; Asadian, M.; Novotny, V.; Nguyen, A.H.N.; Sevcu, A.; Morent, R.; et al. Composite yarns with antibacterial nanofibrous sheaths produced by collectorless alternating-current electrospinning for suture applications. J. Appl. Polym. Sci. 2021, 139, 51851. [Google Scholar] [CrossRef]

	



Lacy, H.A.; Jenčová, V.; Lukáš, D.; Stanishevsky, A. Alternating field electrospinning of blended fish gelatin/poly(ε-caprolactone) nanofibers. Mater. Lett. 2023, 341, 134284. [Google Scholar] [CrossRef]

	



Sivan, M.; Madheswaran, D.; Hauzerova, S.; Novotny, V.; Hedvicakova, V.; Jencova, V.; Kostakova, K.E.; Schindler, M.; Lukas, D. AC electrospinning: Impact of high voltage and solvent on the electrospinnability and productivity of polycaprolactone electrospun nanofibrous scaffolds. Mater. Chem. 2022, 26, 101025. [Google Scholar] [CrossRef]

	



Chew, S.; Wen, Y.; Dzenis, Y.; Leong, K. The Role of Electrospinning in the Emerging Field of Nanomedicine. Curr. Pharm. Des. 2006, 12, 4751–4770. [Google Scholar] [CrossRef]

	



Isaac, B.; Taylor, R.M.; Reifsnider, K. Mechanical and Dielectric Properties of Aligned Electrospun Fibers. Fibers 2021, 9, 4. [Google Scholar] [CrossRef]

	



Wang, Q.; Ma, J.; Chen, S.; Wu, S. Designing an Innovative Electrospinning Strategy to Generate PHBV Nanofiber Scaffolds with a Radially Oriented Fibrous Pattern. Nanomaterials 2023, 13, 1150. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, H.; Fang, D.; Hsiao, B.S.; Chu, B.; Chen, W. Optimization and Characterization of Dextran Membranes Prepared by Electrospinning. Biomacromolecules 2004, 5, 326–333. [Google Scholar] [CrossRef] [PubMed]

	



Huang, L.; Nagapudi, K.; Apkarian, R.P.; Chaikof, E.L. Engineered collagen—PEO nanofibers and fabrics. J. Biomater. Sci. Polym. Ed. 2001, 12, 979–993. [Google Scholar] [CrossRef] [PubMed]

	



Kim, B.; Park, H.; Lee, S.-H.; Sigmund, W.M. Poly (acrylic acid) nanofibers by electrospinning. Mater. Lett. 2005, 59, 829–832. [Google Scholar] [CrossRef]

	



Son, W.K.; Youk, J.H.; Lee, T.S.; Park, W.H. The effects of solution properties and polyelectrolyte on electrospinning of ultrafine poly(ethylene oxide) fibers. Polymer 2004, 45, 2959–2966. [Google Scholar] [CrossRef]

	



Zeng, J.; Xu, X.; Chen, X.; Liang, Q.; Bian, X.; Yang, L.; Jing, X. Biodegradable electrospun fibers for drug delivery. J. Control. Release 2003, 92, 227–231. [Google Scholar] [CrossRef]

	



Koski, A.; Yim, K.; Shivkumar, S. Effect of molecular weight on fibrous PVA produced by electrospinning. Mater. Lett. 2004, 58, 493–497. [Google Scholar] [CrossRef]

	



Hohman, M.M.; Shin, M.; Rutledge, G.; Brenner, M.P. Electrospinning and electrically forced jets. II. Applications. Phys. Fluids 2001, 13, 2221–2236. [Google Scholar] [CrossRef]

	



Demir, M.M.; Yilgor, I.; Yilgor, E.; Erman, B. Electrospinning of polyurethane fibers. Polymer 2002, 43, 3303–3309. [Google Scholar] [CrossRef]

	



Lee, C.H.; Shin, H.J.; Cho, I.H.; Kang, Y.M.; Kim, I.A.; Park, K.D.; Shin, J.W. Nanofiber alignment and direction of mechanical strain affect the ECM production of human ACL fibroblast. Biomaterials 2005, 26, 1261–1270. [Google Scholar] [CrossRef]

	



Geng, X.; Kwon, O.H.; Jang, J. Electrospinning of chitosan dissolved in concentrated acetic acid solution. Biomaterials 2005, 26, 5427–5432. [Google Scholar] [CrossRef]

	



Mit-uppatham, C.; Nithitanakul, M.; Supaphol, P. Ultratine electrospun polyamide-6 fibers: Effect of solution conditions on morphology and average fiber diameter RID C-4353-2008. Macromol. Chem. Phys. 2004, 205, 2327–2338. [Google Scholar] [CrossRef]

	



Jaganathan, S.K.; Prasath Mani, M.; Ayyar, M.; Rathanasamy, R. Biomimetic electrospun polyurethane matrix composites with tailor made properties for bone tissue engineering scaffolds. Polym. Test. 2019, 78, 105955. [Google Scholar] [CrossRef]

	



Nemati, S.; Kim, S.-J.; Shin, Y.M.; Shin, H. Current progress in application of polymeric nanofibers to tissue engineering. Nano Converg. 2019, 6, 36. [Google Scholar] [CrossRef] [PubMed]

	



Rethinam, S.; Basaran, B.; Vijayan, S.; Mert, A.; Bayraktar, O.; Aruni, A.W. Electrospun nano-bio membrane for bone tissue engineering application- a new approach. Mater. Chem. Phys. 2020, 249, 123010. [Google Scholar] [CrossRef]

	



Sharifi, F.; Irani, S.; Azadegan, G.; Pezeshki-Modaress, M.; Zandi, M.; Saeed, M. Co-electrospun gelatin-chondroitin sulfate/polycaprolactone nanofibrous scaffolds for cartilage tissue engineering. Bioact. Carbohydr. Diet. Fibre 2020, 22, 100215. [Google Scholar] [CrossRef]

	



Feng, B.; Ji, T.; Wang, X.; Fu, W.; Ye, L.; Zhang, H.; Li, F. Engineering cartilage tissue based on cartilage-derived extracellular matrix cECM/PCL hybrid nanofibrous scaffold. Mater. Des. 2020, 193, 108773. [Google Scholar] [CrossRef]

	



Silva, J.C.; Udangawa, R.N.; Chen, J.; Mancinelli, C.D.; Garrudo, F.F.F.; Mikael, P.E.; Cabral, J.M.S.; Ferreira, F.C.; Linhardt, R.J. Kartogenin-loaded coaxial PGS/PCL aligned nanofibers for cartilage tissue engineering. Mater. Sci. Eng. 2020, 107, 110291. [Google Scholar] [CrossRef]

	



Joy, J.; Pereira, J.; Aid-Launais, R.; Pavon-Djavid, G.; Ray, A.R.; Letourneur, D.; Meddahi-Pellé, A.; Gupta, B. Gelatin—Oxidized carboxymethyl cellulose blend based tubular electrospun scaffold for vascular tissue engineering. Int. J. Biol. Macromol. 2018, 107, 1922–1935. [Google Scholar] [CrossRef]

	



Abdal-hay, A.; Bartnikowski, M.; Hamlet, S.; Ivanovski, S. Electrospun biphasic tubular scaffold with enhanced mechanical properties for vascular tissue engineering. Mater. Sci. Eng. 2018, 82, 10–18. [Google Scholar] [CrossRef]

	



Xiang, P.; Wang, S.S.; He, M.; Han, Y.H.; Zhou, Z.H.; Chen, D.L.; Li, M.; Ma, L.Q. The in vitro and in vivo biocompatibility evaluation of electrospun recombinant spider silk protein/PCL/gelatin for small caliber vascular tissue engineering scaffolds. Colloids Surf. B Biointerfaces 2018, 163, 19–28. [Google Scholar] [CrossRef] [PubMed]

	



Vogt, L.; Rivera, L.R.; Liverani, L.; Piegat, A.; El Fray, M.; Boccaccini, A.R. Poly(ε-caprolactone)/poly(glycerol sebacate) electrospun scaffolds for cardiac tissue engineering using benign solvents. Mater. Sci. Eng. 2019, 103, 109712. [Google Scholar] [CrossRef] [PubMed]

	



Dippold, D.; Tallawi, M.; Tansaz, S.; Roether, J.A.; Boccaccini, A.R. Novel electrospun poly(glycerol sebacate)-zein fiber mats as candidate materials for cardiac tissue engineering. Eur. Polym. J. 2016, 75, 504–513. [Google Scholar] [CrossRef]

	



Tamimi, M.; Rajabi, S.; Pezeshki-Modaress, M. Cardiac ECM/chitosan/alginate ternary scaffolds for cardiac tissue engineering application. Int. J. Biol. Macromol. 2020, 164, 389–402. [Google Scholar] [CrossRef]

	



Heidari, M.; Bahrami, S.H.; Ranjbar-Mohammadi, M.; Milan, P.B. Smart electrospun nanofibers containing PCL/gelatin/graphene oxide for application in nerve tissue engineering. Mater. Sci. Eng. C 2019, 103, 109768. [Google Scholar] [CrossRef] [PubMed]

	



Ghasemi-Mobarakeh, L.; Prabhakaran, M.P.; Morshed, M.; Nasr-Esfahani, M.H.; Ramakrishna, S. Electrospun poly(ε-caprolactone)/gelatin nanofibrous scaffolds for nerve tissue engineering. Biomaterials 2008, 29, 4532–4539. [Google Scholar] [CrossRef] [PubMed]

	



Babaie, A.; Bakhshandeh, B.; Abedi, A.; Mohammadnejad, J.; Shabani, I.; Ardeshirylajimi, A.; Reza Moosavi, S.; Amini, J.; Tayebi, L. Synergistic effects of conductive PVA/PEDOT electrospun scaffolds and electrical stimulation for more effective neural tissue engineering. Eur. Polym. J. 2020, 140, 110051. [Google Scholar] [CrossRef]

	



Narayanan, K.B.; Park, G.T.; Han, S.S. Electrospun poly(vinyl alcohol)/reduced graphene oxide nanofibrous scaffolds for skin tissue engineering. Colloids Surf. B Biointerfaces 2020, 191, 110994. [Google Scholar] [CrossRef]

	



Adeli-Sardou, M.; Yaghoobi, M.M.; Torkzadeh-Mahani, M.; Dodel, M. Controlled release of lawsone from polycaprolactone/gelatin electrospun nano fibers for skin tissue regeneration. Int. J. Biol. Macromol. 2019, 124, 478–491. [Google Scholar] [CrossRef]

	



Keirouz, A.; Fortunato, G.; Zhang, M.; Callanan, A.; Radacsi, N. Nozzle-free electrospinning of Polyvinylpyrrolidone/Poly(glycerol sebacate) fibrous scaffolds for skin tissue engineering applications. Med. Eng. Phys. 2019, 71, 56–67. [Google Scholar] [CrossRef]

	



Wu, T.; Ding, M.; Shi, C.; Qiao, Y.; Wang, P.; Qiao, R.; Wang, X.; Zhong, J. Resorbable polymer electrospun nanofibers: History, shapes and application for tissue engineering. Chin. Chem. Lett. 2020, 31, 617–625. [Google Scholar] [CrossRef]

	



Chen, S.; Wang, H.; Mainardi, V.L.; Talò, G.; McCarthy, A.; John, J.V.; Teusink, M.J.; Hong, L.; Xie, J. Biomaterials with structural hierarchy and controlled 3D nanotopography guide endogenous bone regeneration. Sci. Adv. 2021, 7, eabg3089. [Google Scholar] [CrossRef] [PubMed]

	



McCarthy, A.; Sharma, N.S.; Holubeck, P.A.; Brown, D.; Shah, R.; McGoldrick, D.; John, J.V.; Shahriar, S.M.S.; Xie, J. The Extracellular Matrix Secretion Mechanically Reinforces Interlocking Interfaces. Adv. Mater. 2023, 35, 2207335. [Google Scholar] [CrossRef] [PubMed]

	



Nagase, K.; Yamato, M.; Kanazawa, H.; Okano, T. Poly(N-isopropylacrylamide)-based thermoresponsive surfaces provide new types of biomedical applications. Biomaterials 2018, 153, 27–48. [Google Scholar] [CrossRef] [PubMed]

	



Klabukov, I.; Balyasin, M.; Krasilnikova, O.; Tenchurin, T.; Titov, A.; Krasheninnikov, M.; Mudryak, D.; Sulina, Y.; Shepelev, A.; Chvalun, S.; et al. Angiogenic Modification of Microfibrous Polycaprolactone by pCMV-VEGF165 Plasmid Promotes Local Vascular Growth after Implantation in Rats. Int. J. Mol. Sci. 2023, 24, 1399. [Google Scholar] [CrossRef] [PubMed]

	



Ghosal, K.; Thomas, S.; Kalarikkal, N.; Gnanamani, A. Collagen coated electrospun polycaprolactone (PCL) with titanium dioxide (TiO2) from an environmentally benign solvent: Preliminary physico-chemical studies for skin substitute. J. Polym. Res. 2014, 21, 2–6. [Google Scholar] [CrossRef]

	



Ghosal, K.; Manakhov, A.; Zajíčková, L.; Thomas, S. Structural and Surface Compatibility Study of Modified Electrospun Poly(ε-caprolactone) (PCL) Composites for Skin Tissue Engineering. AAPS PharmSciTech 2017, 18, 72–81. [Google Scholar] [CrossRef]

	



Cai, J.; Liu, J.; Xu, J.; Li, Y.; Zheng, T.; Zhang, T.; Han, K.; Chen, S.; Jiang, J.; Wu, S. Constructing high-strength nano-micro fibrous woven scaffolds with native-like anisotropic structure and immunoregulatory function for tendon repair and regeneration. Biofabrication 2023, 15, 025002. [Google Scholar] [CrossRef]

	



Shahriar, S.M.S.; Mondal, J.; Hasan, M.N.; Revuri, V.; Lee, D.Y.; Lee, Y.K. Electrospinning nanofibers for therapeutics delivery. Nanomaterials 2019, 9, 532. [Google Scholar] [CrossRef]

	



Agarwal, S.; Wendorff, J.H.; Greiner, A. Use of electrospinning technique for biomedical applications. Polymer 2008, 49, 5603–5621. [Google Scholar] [CrossRef]

	



Tsiapalis, D.; De Pieri, A.; Biggs, M.; Pandit, A.; Zeugolis, D.I. Biomimetic Bioactive Biomaterials: The Next Generation of Implantable Devices. ACS Biomater. Sci. Eng. 2017, 3, 1172–1174. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, F.; Cao, K.; Zaeri, A.; Zgeib, R.; Chang, C.R. Design, fabrication, and analysis of spatially heterogeneous scaffold by melt electrospinning writing of poly(ε-Caprolactone). J. Appl. Polym. Sci. 2022, 139, 52235. [Google Scholar] [CrossRef]

	



Klabukov, I.; Tenchurin, T.; Shepelev, A.; Baranovskii, D.; Mamagulashvili, V.; Dyuzheva, T.; Krasilnikova, O.; Balyasin, M.; Lyundup, A.; Krasheninnikov, M.; et al. Biomechanical Behaviors and Degradation Properties of Multilayered Polymer Scaffolds: The Phase Space Method for Bile Duct Design and Bioengineering. Biomedicines 2023, 11, 745. [Google Scholar] [CrossRef] [PubMed]

	



Zander, N.E.; Orlicki, J.A.; Rawlett, A.M.; Beebe, T.P. Electrospun polycaprolactone scaffolds with tailored porosity using two approaches for enhanced cellular infiltration. J. Mater. Sci. Mater. Med. 2013, 24, 179–187. [Google Scholar] [CrossRef] [PubMed]

	



Shabani, I.; Haddadi-Asl, V.; Seyedjafari, E.; Soleimani, M. Cellular infiltration on nanofibrous scaffolds using a modified electrospinning technique. Biochem. Biophys. Res. Commun. 2012, 423, 50–54. [Google Scholar] [CrossRef] [PubMed]

	



Balguid, A.; Mol, A.; Van Marion, M.H.; Bank, R.A.; Bouten, C.V.C.; Baaijens, F.P.T. Tailoring fiber diameter in electrospun poly(ε-Caprolactone) scaffolds for optimal cellular infiltration in cardiovascular tissue engineering. Tissue Eng. Part A 2009, 15, 437–444. [Google Scholar] [CrossRef] [PubMed]

	



Rnjak-Kovacina, J.; Weiss, A.S. Increasing the pore size of electrospun scaffolds. Tissue Eng. Part B Rev. 2011, 17, 365–372. [Google Scholar] [CrossRef]

	



Wu, J.; Hong, Y. Enhancing cell infiltration of electrospun fibrous scaffolds in tissue regeneration. Bioact. Mater. 2016, 1, 56–64. [Google Scholar] [CrossRef]

	



Kim, T.G.; Chung, H.J.; Park, T.G. Macroporous and nanofibrous hyaluronic acid/collagen hybrid scaffold fabricated by concurrent electrospinning and deposition/leaching of salt particles. Acta Biomater. 2008, 4, 1611–1619. [Google Scholar] [CrossRef]

	



Nam, J.; Huang, Y.; Agarwal, S.; Lannutti, J. Improved cellular infiltration in electrospun fiber via engineered porosity. Tissue Eng. 2007, 13, 2249–2257. [Google Scholar] [CrossRef]

	



Ju, Y.M.; Choi, J.S.; Atala, A.; Yoo, J.J.; Lee, S.J. Bilayered scaffold for engineering cellularized blood vessels. Biomaterials 2010, 31, 4313–4321. [Google Scholar] [CrossRef] [PubMed]

	



McCarthy, A.; Avegnon, K.L.M.; Holubeck, P.A.; Brown, D.; Karan, A.; Sharma, N.S.; John, J.V.; Weihs, S.; Ley, J.; Xie, J. Electrostatic flocking of salt-treated microfibers and nanofiber yarns for regenerative engineering. Mater. Today Bio 2021, 12, 100166. [Google Scholar] [CrossRef] [PubMed]

	



Pham, Q.P.; Sharma, U.; Mikos, A.G. Electrospun poly (ε-caprolactone) microfiber and multilayer nanofiber/microfiber scaffolds: Characterization of scaffolds and measurement of cellular infiltration. Biomacromolecules 2006, 7, 2796–2805. [Google Scholar] [CrossRef] [PubMed]

	



Jaiswal, A.K.; Kadam, S.S.; Soni, V.P.; Bellare, J.R. Improved functionalization of electrospun PLLA/gelatin scaffold by alternate soaking method for bone tissue engineering. Appl. Surf. Sci. 2013, 268, 477–488. [Google Scholar] [CrossRef]

	



Elyaderani, A.K.; Lama-Odría, D.; del Carmen, M.; Valle, L.J.d.; Puiggalí, J. Multifunctional Scaffolds Based on Emulsion and Coaxial Electrospinning Incorporation of Hydroxyapatite for Bone Tissue Regeneration. Int. J. Mol. Sci. 2022, 23, 15016. [Google Scholar] [CrossRef]

	



Baskar, D.; Balu, R.; Kumar, S.S. Mineralization of pristine chitosan film through biomimetic process. Int. J. Biol. Macromol. 2011, 49, 385–389. [Google Scholar] [CrossRef]

	



Torres-Giner, S.; Gimeno-Alcañiz, J.V.; Ocio, M.J.; Lagaron, J.M. Comparative performance of electrospun collagen nanofibers cross-linked by means of different methods. ACS Appl. Mater. Interfaces 2009, 1, 218–223. [Google Scholar] [CrossRef]

	



Jiang, Q.; Reddy, N.; Yang, Y. Cytocompatible cross-linking of electrospun zein fibers for the development of water-stable tissue engineering scaffolds. Acta Biomater. 2010, 6, 4042–4051. [Google Scholar] [CrossRef]

	



Zhou, C.; Wang, Q.; Wu, Q. UV-initiated crosslinking of electrospun poly(ethylene oxide) nanofibers with pentaerythritol triacrylate: Effect of irradiation time and incorporated cellulose nanocrystals. Carbohydr. Polym. 2012, 87, 1779–1786. [Google Scholar] [CrossRef]

	



Drexler, J.W.; Powell, H.M. Dehydrothermal crosslinking of electrospun collagen. Tissue Eng. Part C Methods 2010, 17, 9–17. [Google Scholar] [CrossRef]

	



Owida, H.A.; Al-Nabulsi, J.I.; Alnaimat, F.; Al-Ayyad, M.; Turab, N.M.; Al Sharah, A.; Shakur, M. Recent Applications of Electrospun Nanofibrous Scaffold in Tissue Engineering. Appl. Bionics Biomech. 2022, 2022, 1953861. [Google Scholar] [CrossRef] [PubMed]

	



Tebyetekerwa, M.; Ramakrishna, S. What Is Next for Electrospinning? Matter 2020, 2, 279–283. [Google Scholar] [CrossRef]








[image: Polymers 15 02418 g001 550] 





Figure 1. Tissue engineering. 
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Figure 2. Early history of the electrospinning technique. 
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Figure 3. Schematic representation of the electrospinning process setup: (a) vertical setup and (b) horizontal setup of the electrospinning apparatus. Source: [50]. 
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Table 1. Benefits and drawbacks of several techniques for scaffold fabrication.
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	Scaffold Fabrication

Method
	Benefits
	Drawbacks
	References





	Electrospinning
	
	  -

	
Ability to control over the diameters and morphology of the micro- and nanoscale thin fibres.




	  -

	
Ease in production




	  -

	
Ability to generate homogeneous mixtures with nanoscale fibres.






	
	-

	
Sometimes, solvent used might be cytotoxic due to the use of a wide range of biomaterials.




	-

	
Need a high-voltage apparatus to operate electrospinning.






	[18,19]



	Self-assembly
	
	  -

	
Possess high porosities (80–90% porosity).




	  -

	
Provide high cell viability (70–90%).






	
	-

	
Process is complex and time-consuming.




	-

	
Poor control over fibre dimension.






	[18,20]



	Phase separation
	
	  -

	
Ease in production.




	  -

	
Possess high porosities (60–95% porosity).






	
	-

	
Poor control over architecture.




	-

	
Restricted range of pore sizes.




	-

	
Use of organic solvent.






	[18,19]
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Table 3. Electrospinning parameters (solution, processing, and ambient) and their effects on fibre morphology.
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Parameter

	
Effects on Morphology of Nanofibre

	
References






	
(1) Solution parameters

	




	
Viscosity

	
Less number of beads produced; increase in fibre diameter as viscosity increases.

	
[52,53]




	
Polymer concentration

	
The fibre diameter increases as the polymer concentration increases.

	
[54,55,56]




	
Molecular weight of polymer

	
The number of beads and droplets decreases with an increase in the molecular weight of the polymer.

	
[57]




	
Conductivity of polymer

	
Higher conductivity of the polymer causes the fibre diameter to decrease.

	
[52,57]




	
Surface tension

	
There is no change in fibre morphology; high surface tension leads to instability of the jet.

	
[58]




	
(2) Process parameters

	




	
Applied voltage

	
The fibre diameter decreases as the applied voltage increases.

	
[56,59]




	
Distance from tip to collector

	
Large distance from the tip to the collector leads to small production of beads; minimum distance is required to synthesise a uniform fibre.

	
[60,61]




	
Flow rate

	
The reduction in fibre diameter is proportional to the reduction in flow rate.

	
[24]




	
(3) Ambient parameters

	




	
Humidity

	
High humidity forms pores on the surface of the fibres.

	
[62]




	
Temperature

	
An increase in temperature results in a smaller fibre diameter.

	
[62]
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Table 4. Several applications of electropun scaffolds in TE.
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	Application
	Polymer/Material
	Solvent
	Result
	Reference





	Bone TE
	
	- 

	
       Gelatin (G)




	- 

	
       Polycaprolactone (PCL)




	- 

	
       Nanohydroxyapatite






(HA)
	
	- 

	
       Acetic acid






Chloroform/methanol
	
	- 

	
       The nanocomposite scaffold, 20 min exhibited average fibre diameter of 615 ± 269 nm and average pore size 4.7 ± 1.04 μm.




	- 

	
       Cell-scaffold constructs illustrated adequately spread cells and efficient cellular attachment.






	[32]



	
	
	- 

	
       Polyurethane (PU)




	- 

	
       Rosemary (RM) oil




	- 

	
       Copper sulphate






(CuSO4)
	
	- 

	
       Dimethylformamide






(DMF)
	
	- 

	
       The electrospun pure PU nanofibres had an average diameter of 875 ± 154 nm, while as-spun PU/RM and PU/RM/CuSO4 nanofibres exhibited diameter of 745 ± 133 nm and 414 ± 156 nm, respectively.




	- 

	
       Addition of RM and CuSO4 to PU electrospun nanofibres provides better cell proliferation and gives higher tensile strength than those of the pure PU nanofibres.






	[63]



	
	
	- 

	
       Nano-demineralised bone matrix (nano-DBM)




	- 

	
       Polyvinyl alcohol (PVA)




	- 

	
       Carbon nanoparticles (CNP)






	
	- 

	
       Acetone




	- 

	
       Chloroform






	
	- 

	
       Addition of CNP gives additional strength to the electrospun nano-bio membrane (ENBM). ENBM scaffold prepared using PVA, nano-DBM, and CNP (0.6%) exhibits improved mechanical properties, viz. 14.58 ± 0.13 MPa of tensile strength, 13.87% ± 0.05% of elongation at break, and 36.84% ± 0.11% water absorption.




	- 

	
       The effective biocompatibility properties of ENBM were evaluated using MG 63 osteoblast cell line, which showed 100% biocompatibility and more viable cells present in the electrospun ENBM.






	[65]



	Cartilage TE
	
	- 

	
       Chondroitin sulphate (CS)




	- 

	
       Gelatin (G)




	- 

	
       Polycaprolactone (PCL).






	
	- 

	
       Acetic acid/formic acid




	- 

	
       2,2,2-Trifluoroethanol/water






	
	- 

	
       Electrospun composite nanofibrous scaffold fabricated by co-electrospinning technique of G-CS and PCL with 2/1 ratio provides a scaffold with improved hydrophilicity and prepares cell attraction environment for cultured human mesenchymal stem cells (hMSCs).






	[66]



	
	
	- 

	
       Cartilage-derived extracellular matrix (cECM)




	- 

	
       Polycaprolactone (PCL)






	
	- 

	
       Hexafluoro-2-propanol (HFIP)






	
	- 

	
       The cECM/PCL (mass ratio 50:50) hybrid nanofibres appeared to be thinner, smoother, and more uniform with enhanced mechanical properties and wettability than the electrospun PCL.




	- 

	
       The presence of cECM in the nanofibrous membranes facilitated cartilage regeneration in vivo and promoted chondrocyte proliferation in vitro.






	[67]



	
	
	- 

	
       Polyglycerol sebacate (PGS)




	- 

	
       Polycaprolactone (PCL)






	
	- 

	
       2,2,2-Trifluoroethanol






	
	- 

	
       All the electrospun scaffolds produced were able to mimic the structural features of cartilage ECM, which promoted the delivery of a chondro-inductive small molecule and supported cell culture. The size of the electrospun scaffolds was in the nanometer scale, which was previously shown to be advantageous for mesenchymal stem (MSC) chondrogenic differentiation.




	- 

	
       This finding highlighted the potential of kartogenin-loaded coaxial aligned nanofibres for the advancement of novel biomimetic MSC-based strategies to regenerate articular cartilage, particularly for the repair of defects in its superficial zone.






	[68]



	Vascular TE
	
	- 

	
       Oxidised carboxymethyl cellulose (OCMC)




	- 

	
       Gelatin (G)






	
	- 

	
       Acetic acid






	
	- 

	
       MTT assay confirmed its no-toxicity, and no abnormal foreign body reaction was observed on day 7 and day 15 after implantation, which made this tubular scaffold suitable for use in vascular TE applications.






	[69]



	
	
	- 

	
       Polyurethane




	- 

	
       Polycaprolactone (PCL)






	
	- 

	
       Tetrahydrofuran (THF)






	
	- 

	
       This research aims to improve the mechanical properties of a vascular graft scaffold.




	- 

	
       The tensile strength and tensile elastic (Young’s) modulus of the biphasic scaffolds were significantly enhanced from 4.5 ± 1.72 and 45 ± 15 MPa (PU-only) to 67.5 ± 2.4 and 1039 ± 81.8 MPa (PCL/PU; p < 0.05). Additionally, burst pressure, suture retention force, and compliance were all enhanced.




	- 

	
       Hence, this study could be potentially extended to that of other biphasic scaffolds to better improve the mechanical properties of the electrospun fibre mat.






	[70]



	
	
	- 

	
       Gelatin (G)




	- 

	
       Spider silk protein (pNSR32)




	- 

	
       Polycaprolactone (PCL)






	
	- 

	
       Formic acid






	
	- 

	
       G and pNSR32 were used in this study to improve the cytocompatibility of the electrospun pNSR32/PCL/Gt scaffold.




	- 

	
       The result showed that the pNSR32/PCL/G scaffold had faster degradation rate, wider fibre diameter distribution, and larger average fibre diameters than the pNSR32/PCL and PCL scaffolds.




	- 

	
       In conclusion, this study validated that the pNSR32/PCL/G scaffold exhibited better tissue and blood compatibility than the PCL and pNSR32/PCL scaffolds. In addition, there was no inflammatory factor, and the induction of genotoxicity releases made the pNSR32/PCL/G scaffold a good candidate for engineering small-diameter vascular tissue.






	[71]



	Cardiac TE
	
	- 

	
       Polycaprolactone (PCL)




	- 

	
       Polyglycerol sebacate (PGS)






	
	- 

	
       Acetic acid






	
	- 

	
       PCL/PGS blends and neat PCL showed defect-free microstructures, whereby the average fibre diameter increased with the addition of PGS (0.8 ± 0.3 µm and 1.3 ± 0.7 µm, respectively)




	- 

	
       PCL/PGS fibres fabricated with acetic acid proved to be potentially suitable for application in cardiac TE as their mechanical properties and biodegradability were better than those of fibres made using conventional solvents. This was attributed to the fact that the acetic acid would fully evaporate during electrospinning, leaving no toxic residues or hazards behind.






	[72]



	
	
	- 

	
       Polyglycerol sebacate (PGS)




	- 

	
       Corn protein zein






	
	- 

	
       Acetic acid






	
	- 

	
       In vitro degradation studies in PBS revealed a physicochemically stable system over a 28-day period, showing only a slight drop in pH after 28 days.




	- 

	
       The results indicated that the novel PGS/zein fibrous structures could be valuable for cardiac patch applications as these fibres took advantage of the biocompatibility of zein to fabricate microfibres with the improved mechanical stability and attractive mechanical properties of PGS.






	[73]



	
	
	- 

	
       Solubilised cardiac extracellular matrix (ECM)




	- 

	
       Alginate




	- 

	
       Chitosan






	
	- 

	
       Deionised water




	- 

	
       Hydrochloric acid






	
	- 

	
       The porosity of the scaffolds was more than 96% with a very high swelling rate, while their stability was maintained in a PBS solution.




	- 

	
       Mixing ECM with alginate and chitosan drastically improved the tensile strength of ECM. Moreover, mixing ECM with polysaccharides in the ratio of 75:25 (E75/P25) improved the proliferation of the scaffolds.




	- 

	
       Scanning electron microscopy (SEM) revealed the presence of hMSCs cells and the porous structure inside the pores. Histological analysis confirmed that cardiomyocyte penetration inside the scaffolds after 7 days of culture.






	[74]



	Nerve TE
	
	- 

	
       Polycaprolactone (PCL)




	- 

	
       Gelatin (G)




	- 

	
       Graphene






	
	- 

	
       Acetic acid






	
	- 

	
       Electrospun PCL/G/graphene nanofibrous mats exhibited 99% antibacterial properties against gram-positive and gram-negative bacteria.




	- 

	
       These superior properties, along with an enhancement in the biodegradation features and hydrophilicity, have made the PCL/G/graphene nanofibre a promising candidate for use as electrically conductive scaffold in nerve TE.






	[75]



	
	
	- 

	
       Polycaprolactone (PCL)




	- 

	
       Gelatin (G)






	
	- 

	
       Hexafluoro-2-propanol






	
	- 

	
       MTS assay and SEM results showed that the biocomposite of the PCL/G 70:30 nanofibrous scaffolds enhanced nerve differentiation and proliferation compared with the PCL nanofibrous scaffolds and acted as a positive cue to support neurite outgrowth.




	- 

	
       It was found to exhibit the most balanced properties to meet all the required specifications for nerve tissue and was used for an in vitro culture of nerve stem cells (C17.2 cells).






	[76]



	
	
	- 

	
       PVA




	- 

	
       PEDOT (poly(3,4-ethylenedioxythiophene))






	
	- 

	
       Deionised water






	
	- 

	
       There was improvement in terms of cell viability and physiochemical properties when using PVA/PEDOT-containing scaffolds.




	- 

	
       This study showed that a PVA/PEDOT scaffold could enhance neural differentiation and cellular response by mimicking the properties of the native neural tissue.
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	Skin TE
	
	- 

	
       Glucose-reduced graphene oxide (GRGO)




	- 

	
       PVA




	- 

	
       Glutaraldehyde (GA)






	
	- 

	
       Acetone






	
	- 

	
       Results showed that the scaffold exhibited excellent compatibility with fibroblasts and significantly increased the metabolic activity after culture for 21 days.




	- 

	
       Live/dead imaging assays showed that the scaffold increased the fibroblast viability and proliferation, thus indicating the potential for skin TE applications.
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	- 

	
       Lawsone (2-hydroxy-1,4-naphthoquinone)




	- 

	
       Polycaprolactone-gelatin (PCL-G)






	
	- 

	
       2,2,2-Trifluoroethanol




	- 

	
       Dimethylformamide (DMF)






	
	- 

	
       The PCL/G/Lawsone 1% scaffold increased cell attachment and proliferation significantly. It also had the highest impact on healing by increasing the re-epithelialisation of the wound after 14 days.




	- 

	
       Thus, it was concluded that the PCL/G/Lawsone 1% scaffold had excellent characteristics and could be used for skin tissue regeneration.
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	- 

	
       Polyglycerol sebacate (PGS)




	- 

	
       Polyvinyl pyrrolidone (PVP)






	
	- 

	
       Dimethylformamide (DMF)




	- 

	
       1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP)






	
	- 

	
       In vitro examination of the PGS/PVP scaffold showed good viability and proliferation of human dermal fibroblast cells.




	- 

	
       This research provided valuable insights for tuning the elastic properties of the electrospun material by incorporating this unique elastomer as a promising future candidate for skin substitute constructs.
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Table 5. Different methods of tuning electrospinning parameters for overcoming the poor cellular infiltration in electrospun scaffolds.






Table 5. Different methods of tuning electrospinning parameters for overcoming the poor cellular infiltration in electrospun scaffolds.












	Method Used
	Polymer
	Solvent
	Result
	Reference





	Increasing polymer concentration
	Polycaprolactone (PCL)
	Dimethylformamide (DMF) and Dichloromethane (DCM)
	
	-

	
Increased in diameter and pore size of nanofibres.




	-

	
Improved cell infiltration.




	-

	
The best cellular infiltration was attained when the pore size was close to the size of the target cell.






	[94]



	Increasing solvent evaporation via heat localisation in the path of fluid jet
	Poly(l-lactic acid) (PLLA)
	Dichloromethane (DCM) and Dimethylformamide (DMF)
	
	-

	
Increased thickness, pore diameter, and porosity of the nanofibres.




	-

	
High amount of cell infiltration along with cell distribution.






	[95]



	Increasing flow rate
	Polycaprolactone (PCL)
	Chloroform
	
	-

	
Increase in nanofibre diameter.




	-

	
Enhanced cell infiltration.






	[96]



	
	Elastin
	Hexafluoroisopropanol
	
	-

	
Increase in diameter and thickness of nanofibres.




	-

	
Decrease in nanofibre density.




	-

	
Improved cell infiltration.






	[97]
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