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Abstract

:

The excellent combination of properties has seen a steep increase in the demand for titanium (Ti)-based material as biomedical implant devices. However, some features that promote biocompatibility are found to be lacking in Ti implants. The use of polymer nanofiber (NF) coating on the surfaces of the implants has been proven to remedy these setbacks. In particular, electrospun NFs are versatile as natural extracellular matrix mimics and as facilitators in the biocompatibility function of Ti-based implants. Therefore, various properties of Ti implants coated with polymer NFs and the correlations among these properties are explored in this review. Synthetic polymers are favorable in tissue engineering applications because they are biocompatible and have low toxicity and degradation rates. Several approved synthetic polymers and polymer hybrids have been electrospun onto Ti implant surfaces to successfully improve the biomedical applicability of the implants with regard to their physical (including diameter and porosity), chemical (including corrosion resistance), mechanical (including elastic modulus, strength and ductility) and biological properties (including tissue integration, antimicrobial and cytotoxicity).
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1. Introduction


The demand for biocompatible titanium (Ti) and its alloys as implant materials for hard tissue replacement in the orthopedic and dental fields has seen a steep rise during the past decades, along with the significant increase in population and life expectancy [1,2,3]. In particular, implants made from commercially pure Ti (cpTi) and Ti–6Al–4V Extra Low Level of Interstitial (ELI) alloy are the most widely accepted and successfully used due to their exceptional combination of biological and mechanical properties [1,4]. The most prominent of these properties include chemical stability, fatigue resistance, high corrosion resistance and an intrinsic ability to osseointegrate without stimulating adverse immune responses [2,5]. The biocompatibility of Ti and its alloys with human tissue is mainly due to the ability to form a chemically stable protective titanium dioxide (TiO2) layer on the surface in reaction with oxygen [6]. Despite their outstanding features, which propel them to be frontrunners as biomedical materials, Ti and its alloys present some drawbacks that require mediation. Failure to thoroughly address the inadequacies of Ti-based implants escalates the requirement for revision surgery, and the penalties thereof include high economic associated costs and, possibly, death [1,7].



Features such as highly porous and interconnected mesh with a large surface-to-volume ratio promote interactions at the implant–tissue interface but are difficult to achieve in conventional metallic implants [5]. Additionally, Ti exhibits limited bioactivity due to its inherent bio-inertness. On the other hand, the surfaces of Ti-based implants attract bacterial colonization because of their biocompatibility characteristics. Consequently, preventative strategies to improve the antibacterial ability of the implants before surgery are required [1]. Surface modification of Ti and its alloys should be aimed at increasing the surface area of implants to further augment their biomechanical benefits and incorporate bactericidal effects. To achieve this, several techniques have been proposed, and the emergence of nanotechnology has expanded the scope of nanoscale topographical modifications and has drawn considerable attention to the application of polymer nanofiber (NF) coatings on Ti implant surfaces [8,9].



As NFs are becoming increasingly prominent in biomedical applications, the production of high-quality multifunctional NFs has become imperative. Among the various techniques explored to fabricate polymer NFs, the electrospinning process is favored as it is a versatile, scalable, economical and simple yet robust process and is the most widely used technique for the preparation of well-defined NFs from a wide range of biocompatible polymeric solutions [1,9,10,11,12,13]. This technique is considered the most reliable process for producing long and continuous NFs that are proficient in simulating the microstructure of the native extracellular matrix (ECM) due to their high surface area to volume ratio and relatively large internal porosity [1,11]. Furthermore, electrospun NFs are able to encapsulate supplementary material into the polymer in the most convenient manner to create coatings with adjustable physical (such as microstructure and porosity), chemical (such as type of polymers, solvent and biomolecules), mechanical (such as tensile strength, elastic modulus and ductility) and biological (such as bioactivity and antibacterial) properties [3,14].



The central requirement for successful and efficient implantation is for the implanted material to incite tissue regeneration around the implant surface by mimicking the natural ECM, which is in contact with a vast majority of the cells [15]. The ECM consists of a complex network of nanometer-sized tissue-specific molecules that serve to initiate and mediate responses that regulate cell growth, migration, differentiation, survival, tissue organization and matrix remodeling and bear most of the applied mechanical stresses [16,17]. The NF scaffold is able to serve as a synthetic ECM to support cell growth and tissue development [16,18]. As such, induction of NF polymers for coating Ti implant surfaces promotes tissue-mimicking, and in order to facilitate tissue growth, certain minimum requirements should be satisfied, namely the NF scaffold should be/have [16,18]:




	
Three-dimensional (3D);



	
Highly porous with an interconnected pore network;



	
Fabricated using material that is biodegradable or bioresorbable;



	
Controlled degradation rate to match tissue regeneration rate;



	
Suitable surface chemistry for cell attachment, proliferation, and differentiation;



	
Mechanical properties matching those of the tissues at the site of implantation; and



	
Easily fabricated in a variety of morphologies to define the shape and size of the regenerated tissue.








Comprehending the combinatory impact of the various aspects related to the surface coating of Ti implant with electrospun NFs may significantly expedite the process of identifying and alleviating sources of implantation disruption post-surgery. Nonetheless, the literature rarely provides a holistic overview of advances towards achieving Ti implant success through surface modification nanotechniques [19]. Further research on peri-implant tissue response to surface modification of implants using novel coatings is necessary since the optimal dynamics of the implant–tissue integration remains vague [5]. Therefore, this paper aims to identify the diverse properties of various NF coats that enable them to promote the proficiency of Ti-based materials in biomedical implant applications. As such, enhancement of the NFs to aid in their biocompatibility is also discussed, and the interrelations among the properties are outlined in the current review.




2. Nanofiber Polymers for Biomedical Applications


The features of the NFs that are used to coat biomedical Ti-based implants are predominantly dependent on the type of polymer employed [2]. Applicable polymers are categorized as either natural or synthetic based on their source and composition [20,21,22]. Natural polymers, namely cellulose, collagen, gelatin, chitosan, chitin, dextrose and silk fibroin, have been electrospun into NF scaffolds [11,18,22]. Kadavil et al. [9] report on gelatin providing cellular attachment and adhesion of human stem cells, which is typical of most natural polymers. However, natural polymers are limited in their clinical application due to being immunogenic, exhibiting batch-to-batch differences, limited availability, expensive production and vulnerability to cross-contamination [9,21]. Moreover, natural polymers lack mechanical strength and have a relatively rapid degradation rate due to their hydrophilic nature, limiting their use in long-term clinical processes. These limitations of natural polymers may be remedied through the use of synthetic polymers [9,20,21].



Synthetic polymers have numerous advantages in comparison to their natural counterparts, namely cost-effectiveness and durability, and the majority of them have stable mechanical properties for applications in load-bearing tissue engineering scaffolds [9,20,21]. Owed to their ease of processing and biocompatibility, the most popular synthetic polymers include poly(ε-caprolactone) (PCL), poly(lactic acid) (PLA), poly(lactic-co-glycolic acid) (PLGA), poly(glycolic acid) (PGA), poly(ethylene oxide) (PEO) and poly(vinyl alcohol) (PVA) [9,11,19]. These polymers have been approved by the United States Food and Drug Administration (FDA) for use in human medical devices, which emphasizes their in vivo applicability and that their toxicity factor has been evaluated [21,22,23,24,25,26,27].



In addition to biocompatibility, biodegradability and lack of toxicity are common properties among synthetic polymers relevant for coating surfaces of biometals [28,29]. Biodegradation may be defined by hydrolysis in physiological conditions (as in the human body) [28,29]. Boia et al. [26] greatly emphasized the slow degradation of PCL-based implants, which is supported by Perumal et al. [27], who reported that PCL has been said to gradually degrade when compared to PLGA and PLA. The degradation rate is dependent on the hydrophilicity of the monomeric units, and basically, the comparative degradation rates of the polymers may be summarized in terms of length of the degradation period as [21,27,30]: PCL > PLA > PLGA > PGA > hydrophilic polymers (such as PEO and PVA). Table 1 lists the distinguishing properties of synthetic polymers used in the biomedical field.



2.1. Hybridization of Polymers


Despite the various clinical advantages of synthetic polymers, their disadvantages—for instance, lack of cell-specific recognition sites due to their smooth and hydrophobic surfaces—reduce their applications in implantable devices [22]. In addition, water-soluble synthetic polymers, such as PVA, exhibit poor mechanical properties [9]. Studies indicate that one of the most effective strategies applied to subdue the limitations of polymer groups is the production of novel composite fibers through the combination of various polymers [2,9,18,36]. The results of Jahanmard et al. [3] indicated that the biological properties of bi-layered PCL/PLGA composite NFs far exceeded those of the single layers. Synthetic polymers are often fused with natural polymers to form fibers with optimized mechanical properties, degradation rates and bioactivity while maintaining the similarity to the ECM and promoting cell attachment [9,22]. Examples of single and hybrid electrospun NFs are illustrated by the scanning electron microscope (SEM) images in Figure 1.




2.2. Electrospinning Technique


Electrospinning is a common nanotechnique used to fabricate scaffolds of aligned polymeric NFs with diameters varying between 3 nm and greater than 5 µm [14,15]. The engineered 3D porous scaffolds serve as a pattern to provide mechanical and biochemical support to the surrounding cells relative to the tissue type [1,17]. A simple electrospinning setup (Figure 2) consists of a high voltage power supply (typically between 5 to 30 kV), a piece of feeding equipment (usually a syringe), a spinneret and a collector [11,12,35]. The collector for electrospun fibers is usually on a grounded plate and is usually a metallic material; hence, coating a Ti implant using the electrospinning method is relatively straightforward [15,39,40]. Important factors that govern the quality NFs produced using the electrospinning process include solution parameters (such as polymer structure and viscosity), processing parameters (such as flow, voltage and distance) and ambient conditions [22,38]. By altering these parameters, multiple experimental arrangements of the process, including coaxial, solution and melt electrospinning, are achievable [3,18,41]. Deviations from the basic electrospinning process are necessary to modify the primary properties of NFs and realize a tunable coating towards desired structural and functional properties [3,9,18]. The flexibility of the electrospinning technique is convenient for application in Ti implants intended for the complex human body environment. Several researchers have successfully applied electrospinning to coat Ti [1,19,39,42] and Ti–6Al–4V [2,39,43,44] samples intended for use as human implants. Kadavil et al. [9] notes also that polymers such as PCL and PVA have gained popularity as readily electrospinnable polymers and have been used as a template for the preparation of non-electrospinnable polymers. A specific amount of PEO was used as a fiber-forming additive by Nitti et al. [45] to improve the electrospinnability of chitosan. Therefore, technique modifications allow for the accommodation of the various biopolymer solutions.





3. Physical Characteristics of Electrospun Nanofibers


Nanofibers merge the nano- and macroscale worlds of implant surface modification since the diameters are in the nanometer range and the lengths may be from a few meters to kilometers [15,46]. Physical properties of polymers include dimensions, porosity, molecular weight, molar volume, density, degree of polymerization, the crystallinity of material and others [47]. The diameter of NFs is an essential physical property since the fibers are classified as nano-structured based on their diameter and contribute significantly to the adhesion of cells onto the fiber surfaces [14].



Electrospinning provides a direct method to produce long polymer fibers with diameters in the range of 40–2000 nm, and thinner fibers are achievable by modifying the typical electrospinning technique and/or manipulating the spinning parameters [32,46]. Furthermore, studies show that embedded substances, such as antibacterial agents, cause a reduction in the NF diameter even by approximately 25% in some cases as a result of the reduced polymer concentration [48]. Tian et al. [14] fabricated electrospun composite NFs comprising of PGA and collagen, with diameters of 10 µm, 3–5 µm and 500 nm, and analyzed the properties of fibroblast cells on these fibers as a function of fiber diameter and structure. The authors were able to demonstrate that the fiber composition and diameter have a direct influence on the morphology and alignment of the fibroblast cells. The cells attached and elongated on the PGA/collagen fibers with a diameter of 500 nm more readily than those seeded on fibers with larger diameters. On the other hand, Kadavil et al. [9] reported on the improved mechanical behavior of fibers due to the fibers’ diameters greatly increasing, and Yang et al. [49] found that the diameter of electrospun gelatin/PVA NFs increased as the ratio of PVA increased. Likewise, Ravichandran et al. [39] observed a higher diameter for PLGA fibers (957 nm) than PLGA/collagen (378 nm) on Ti surfaces. Morel et al. [50] found that increasing the diameter of the PLLA NFs reduced the Young’s modulus. Cipitria et al. [51] showed PCL NF meshes with an average diameter of 689 nm as having higher values of ductility, ultimate strength and Young’s modulus than those with an average diameter of 196 nm.



An increase in NF diameter generally decreases the porosity of the electrospun mat [52]. Weng and Xie [11] reported on NF dressings capable of simultaneously preventing infection and fostering cell proliferation by controlling the pore size. Highly porous electrospun nanofibrous scaffolds mimic the structure and function of the native ECM by producing interconnection pores that provide regions favored by various stem cells for attachment, growth, proliferation and differentiation [5,14,17,39,48]. The pores also provide a larger surface area for embedded fibers and increase the adhesive strength of the coating [42]. Leong et al. [53] introduced nanoporosity in electrospun PDLLA fibers by creating vapor-induced phase separation conditions during electrospinning. Although the nanoporous fiber scaffolds were mechanically weaker than the conventional solid fiber scaffolds, the porous fibers increased the surface area by an estimated 62% and had greater protein adsorption and enhanced initial cell attachment than the solid fiber scaffolds.




4. Chemical Implications of Nanofiber-Coated Ti Implants


Corrosion resulting from a chemical reaction between the implant and the surrounding tissue may compromise the success of implantation treatment. Implantable Ti-based materials are generally regarded as highly corrosion-resistant due to the formation of a passive oxide film, which largely consists of TiO2, of approximately 2–5 nm thickness [54]. Nevertheless, the oxide layer is not entirely stable and has been found to break down in the hostile body environment, resulting in the deterioration of implant efficiency due to corrosion of metals [13,55]. Surface modification is, thus, required to enhance the corrosion resistance of Ti implant surfaces [54,55]. The application of corrosion-resistant coatings on metal surfaces is a cost-effective and efficient approach for corrosion control [13].



Biodegradable polymer coatings act as corrosion inhibitors for implants by isolating the metal surfaces from sources of corrosion in the corrosive environment to prevent post-implantation corrosion [31,56]. Moreover, nanostructures have been proven to be highly effective against corrosion and, subsequently, electrospun NFs may pose as corrosion inhibiting barriers to stunt the metallic corrosion rate since porous coatings show greater stability [13]. The results of the study of Hanas and Sampath Kumar [57] confirmed that PCL NF coating fabricated by electrospinning protected metallic surfaces from pitting corrosion. Abdal-hay et al. [42] designed a biodegradable hybrid PCL/PLA membrane to coat Ti surfaces and determined the corrosion performance. Their results from the potentiodynamic polarization test in a simulated body fluid (SBF), with an ionic composition and a concentration similar to human body plasma, showed that polymer-coated Ti samples were corrosion-resistant. These results were consistent with those found during the work of AlFalah et al. [13], in which corrosion analysis of electrospun NF coating containing PCL on a metal surface indicated that the NF coating might be considered a new layer of protective coating with excellent corrosion resistance.



The effects of a corroding material advance beyond the surface of an implanted device and deteriorate other properties required for biocompatibility. Corrosion occurs when the metallic ions leach away from the implant and into the human body. Consequently, biological and mechanical parameters are affected, leading to implantation failure because when the material corrodes, it will eventually become brittle and fracture [58]. On the other hand, material fractures accelerate corrosion due to an increase in exposed surface area and loss of the protective oxide layer [58,59]. Furthermore, released metallic ions from a corroded surface may cause inflammation stimulated by a cellular response to infection [59].




5. Mechanical Properties of Nanofibers for Ti-Based Implants


Mechanical properties that are relevant for the optimum functioning of an implant include yield strength, ultimate tensile strength, elastic modulus, ductility (measured as percentage elongation or percentage reduction in area), compressive and shear stresses, Vickers hardness and fatigue resistance [60,61]. An ideal biomaterial should have an elastic modulus like that of the surrounding bone to ensure a more uniform distribution of stress at the implant–bone interface [60,62]. A combination of high strength and high ductility is favorable; however, the strength of the materials is usually inversely proportional to the ductility [63,64]. Therefore, a superior biomaterial should exhibit an excellent balance of strength and ductility [65].



Titanium is popular for biomedical implant applications because of its excellent mechanical properties and relatively low density, and thus, its NF coating should support the mechanical advantages [42,66]. Mechanical properties of a polymer define the type of NFs and the ultimate use thereof [67]. In addition, the mechanical properties of electrospun polymer NFs determine the ability of the fibers to withstand forces during surgical operations and those exerted by the physiological activities of the human body [51]. Innate drawbacks in the mechanical strength of most NF polymers may limit their use for bone-related applications. However, the limitations may be overcome by combining polymers, and electrospinning is capable of encapsulating materials in the polymers that may develop NFs with improved mechanical properties [11,14].



Miele et al. [38] investigated the tensile strength, strain at fracture point and elastic modulus of the collagen/PCL membrane. A drastic decrease in tensile strength and elastic modulus was observed with the addition of PCL. The tensile strength, elastic modulus and elongation of collagen were 4.06 MPa, 1.26 MPa and 33.2%, respectively, while those of collagen/PCL (1:1 w/w) were 2.50 MPa, 0.58 MPa and 12.8%, respectively. A reduction in the elastic modulus is favored as it should match the low elastic modulus of the bone. Yang et al. [49] fabricated electrospun nanocomposite fiber by blending hydrophilic polymers gelatin and PVA and discovered a direct correlation between an increase in the PVA ratio and augmented tensile strength and elongation for the gelatin/PVA NFs. For both the studies of Miele et al. [38] and Yang et al. [49], the natural polymers collagen and gelatin, respectively, presented rather poor mechanical properties during preparation and testing. Thus, the addition of the synthetic counterparts assisted in improving the mechanical properties of the NF membranes.



Tian et al. [14] also postulated that the improved retention of mechanical properties of PGA in comparison to collagen could enhance the shapeablility of bioabsorbable PGA/collagen composites. Khandaker et al. [43] further conducted in vivo mechanical tests with the electrospun collagen/PCL NF coated on Ti–6Al–4V ELI surfaces and observed a positive influence of NF treated surfaces on the mechanical fixation between Ti and bone interfaces. Alternatively, Şimşek et al. [19] used ultraviolet (UV)-induced crosslinking with an insoluble polymer mat to stabilize a highly soluble PEO NF coating for Ti surfaces. Table 2 shows the mechanical properties of Ti alloys and natural human tissue.



Another essential factor to consider with regard to NF-coated Ti implants is the surface morphology of the implants, particularly pertaining to the roughness and the wettability (or hydrophilicity). Appropriate surface roughness may produce beneficial mechanical interlocking at the initial adhesion stage and aid in further cell adhesion [76,77,78]. Khandaker et al. [44] found that coating Ti with a collagen/PCL NF mesh improved the surface roughness. Moreover, rough-textured surfaces are able to stimulate cell attachment, differentiation and the formation of ECM [39]. Enhanced wettability behavior may also support scaffold cell adhesion, proliferation and bioactivity [27].



The contact angle indicates the degree of wettability, such that a lower contact angle value (<90°) indicates higher wettability which is related to an improvement in hydrophilicity [27]. Surface pre-treatment—for example, by mechanical polishing and chemical etching—contributes to the reduction in the contact angle of NF-coated Ti implants [39]. Şimşek et al. [19] measured water contact angles of Ti surfaces and found that the values had decreased after coating with PEO NFs. Similarly, Ravichandran et al. [39] found that hydrophilicity was maximized when the contact angle was reduced to zero with the inclusion of collagen when electrospinning PLGA/collagen NFs onto Ti and Ti alloy substrates. Miele et al. [38] showed the wettability of electrospun PCL being improved with the addition of hydrophilic collagen and was attributed to the reduction in the interfacial tension between the water and the solid surface of the NFs. The necessity to incorporate the hydrophilic polymer is supported by the results of Kiran et al. [6], which displayed a contact angle of approximately 140° for cpTi samples coated with electrospun pure PCL, resulting in a hydrophobic surface. Ti implant biocompatibility may be improved by increasing the surface roughness while decreasing the contact angle [78].



Adhesion of Nanofibers on Ti-Based Substrates


Rigid bonding between NF coatings and Ti implants (that is, interfacial adhesion) is compulsory to prevent any detectable disruption, delamination and folding of the NF coatings on the Ti implant surface during implantation [79]. The adhesion of a polymer coating on the Ti substrate contributes significantly towards protecting the underlying substrate from an accelerated accumulation of water molecules and corrosive ions at the substrate surface [42]. According to Chen et al. [80], adhesion is the main characteristic of the substrate/coating system as it determines the durability and longevity of the system in applications.



The adhesion strength at the polymer and metallic interface is influenced by:



	
A polymer with a molecular structure that can provide more electrostatic interaction on the Ti substrate surface and result in increased adhesion strength [42,79,81].



	
Surface treatment (usually mechanically or chemically) of the Ti substrate prior to coating is known to increase the surface free energy of the substrate [6,81,82].



	
The composition of the coatings and the concentration of the polymer in the NF solution are crucial determining factors of NF adhesion strength. Imbuing the NF polymer solution with an additive (such as nanoparticles of an antibacterial agent) may increase the adhesion strength of the interface by reducing the surface tension of the NF film [81,82].



	
High porosity of an NF membrane may cause a faster diffusion of water molecules into the coating. Consequently, the diffusion may cause the layer nearest to a metallic surface to delaminate or completely release from the substrate when the water reaches the implant surface [42].



	
The high surface area and the high volume-to-mass ratio of NFs may contribute to the bonding of NFs to the Ti implant surface [79].



	
A coating technique during which solvent evaporation may occur could result in poor adhesion performance of the polymer coat [42].



	
The application of an interface layer between the polymer NFs and the Ti substrate may result in a tight attachment of otherwise poorly adhering NFs. The interfacial layer (which may be, for example, a polymer hybrid combination or an adhesive) should exhibit ideal adhesion characteristics with an affinity for both the NF film and the substrate surface [42].






Table 3 lists commonly used test methods for evaluating adhesion and the related American Society for Testing and Materials (ASTM) and International Organization for Standardization (ISO) standards.



Abdal-hay et al. [42] evaluated the adhesion strength of Ti-coated samples in the dry and wet conditions using the pull-off adhesion test. The Ti specimens were first dip-coated in PLA solution followed by electrospinning of a PCL solution onto Ti substrates with a semi-dried PLA coating layer. In wet conditions, the coated samples were immersed in standard SBF. The results for the dry and wet adhesion tests were, respectively, 2.67 and 0.8 MPa for the PCL layer and 3.8 and 1.9 MPa for the PLA/PCL hybrid layer. The better adhesion of the PLA/PCL layer was attributed to the use of the PLA as an interfacial layer and the minimization of solvent evaporation and water diffusion to the implant surface at the initial dip-coating step [42].



Similarly, Kiran et al. [6] determined the adhesion strength of PCL/hydroxyapatite coating on pre-treated cpTi by means of a cross-cut tape test. The coating achieved excellent adhesion properties and was classified as 4 B, with less than 3% of the coating area removed per ASTM D3359 standard. The adhesion properties may be attributed to the surface treatment and to the organic/inorganic interface of PCL/hydroxyapatite [6]. Song et al. [79] conducted a scratch test to investigate the adhesion of the electrospun PCL NFs on Ti pins and confirmed a strong bonding strength of the NF coating with the pins. In addition, their ex vivo porcine bone implantation model demonstrated that NF coating was non-delaminated during implantation, and over 80% of the PCL NFs remained bound to the Ti implant surface after 30 min of ultrasound sonication. The authors, however, acknowledged that the exact mechanisms of interfacial adhesion between the NF coating and Ti implant surface remain vague.





6. Biological Properties of Nanofiber-Coated Ti Implants


Titanium as an implant material is used in the biomedical field owing to its superior properties over other commonly used biomaterials. However, they are also bio-inert and unable to bond efficiently with living cells directly after implantation into the human body [5,55]. Since their surfaces are vital in governing the response of the biological environment to artificial devices, coatings of Ti implants are being studied extensively as surface modification methods in order to promote bioactivity and enhance tissue integration [5,55]. Electrospun NFs show a potential for growth factors or signaling molecules for tissue regeneration [11].



6.1. Biomineralization Studies


The dynamic process of the development and growth of the apatite layer on a Ti substrate is an indication of its bioactivity and is generally investigated through biomineralization [1]. Moreover, minerals of amorphous calcium phosphate are the main constituents of the human bone and are highly biodegradable, biocompatible and bioactive [27]. Kiran et al. [1] illustrated mineralization by evaluating the apatite-forming ability of cpTi and Ti surfaces coated with pure PCL and PCL/TiO2 nanocomposite samples. The substrates were immersed in SBF for 21 days. Substantial mineralization was observed in PCL/TiO2 nanocomposite samples, while the control substrates exhibited insignificant mineralization.



Correspondingly, Abdal-hay et al. [42] applied a novel bicomponent PCL/PLA membrane onto Ti substrates using electrospinning and found apatite forming on the coated Ti samples but not on uncoated Ti samples when the samples were placed in SBF. For their mineralization studies, Ravichandran et al. [39] coated cpTi and Ti–6Al–4V disks with electrospun PLGA and PLGA/collagen NFs. The amount of ECM secreted by human stem cells was qualitatively analyzed using Alizarin red staining, and cell mineralization increased within a 21-day incubation period on the fiber-coated Ti surfaces. Song et al. [79] used a rat tibia implantation model to observe a progressive in situ mineralization within a PCL/PVA NF coating layer and presented indications of cell proteins and a measurable amount of calcium phosphate.




6.2. Osseointegration and Soft Tissue Attachment


Successful implantation of Ti implants involves the in vivo bio-response of the implants to the ECM during the healing process [5]. In addition, 3D electrospun NFs exhibit a high surface-to-volume ratio, which promotes soft and hard tissue attachment by further facilitating nutrient transport, cell binding and migration functions [11]. The direct and functional integration between living bone and surface of a Ti implant, otherwise coined osseointegration, determines the success of implantation [5,66,86]. For an implant to be successfully osseointegrated, primary stability—defined as the absence of micro-motion at the osseous site between the implant surface and the surrounding osseous tissue—should be established [5,39]. To assess biocompatibility Ti implants, Abdal-hay et al. [42] deposited a layer of PCL/PLA hybrid coating on the Ti surfaces, and the results showed superior performance of polymer-coated Ti samples by promoting osteoblast adherence, proliferation and survival.



The ECM of the natural bone is mostly secreted by osteogenic cells, and the bone contains bio-composite porous 3D collagen fibers [27]. Ti implants generally take approximately 3 to 4 months to integrate with the human tissue [5], while the overall mean survival rate for a dental implant is reported to be 2 to 16 years [39]. Therefore, the degradation time of the ultrafine osteogenic fibers should coincide with the regeneration and/or healing process to improve the probability of long-term implant stability [5,21]. Thus, orthopedic and dental implant surfaces should support the adhesion and overgrowth of cells [3]. Ravichandran et al. [39] used human mesenchymal stem cells (hMSCs), which are able to differentiate into soft and hard tissues, on cpTi and Ti–6Al–4V discs with PLGA and PLGA/collagen NFs by electrospinning and conducted various cell interaction assays. These included cell attachment to determine attachment efficiency of the samples for up to 60 min, cell proliferation using a colorimetric assay for up to 21 days and osteogenic differentiation of the cell by measuring the alkaline phosphatase activity also for up to 21 days. The in vitro results indicated that the nanofibrous coating on the Ti implant surfaces has the potential to enhance osseointegration.



Microscopic images obtained during the investigations of Das et al. [5] revealed distinguishable differences in the surface topography between the uncoated and NF-coated Ti implant at various magnifications. The purpose of their investigation was to evaluate the osteogenic NF-coated Ti implants on rabbit study models. The surfaces of the Ti implants were coated with a bio-composite incorporating PCL using a modified electrospinning setup. The findings confirmed the hypothesis of the study that nanofibrous coating favors the dynamics of osseointegration. Similarly, the in vivo mechanical tests conducted by Khandaker et al. [43] using electrospun collagen/PCL NF coated on Ti–6Al–4V (ELI) revealed that all coated samples bonded with bone and none showed the existence of fibers on the Ti implant surfaces after 6 weeks of implantation. During a 3-week period of in vitro culture, rat osteoblast cells (R-OST-583) were able to persist, proliferate and differentiate on the Ti substrate in the presence and absence of the NF coating [43]. Kiran et al. [1] employed PCL/TiO2 nanocomposites, which were electrospun onto Ti surfaces, to demonstrate homogenous cell adhesion and proliferation of human fetal osteoblastic cell lines (hFOB) over the coated surfaces, as shown in Figure 3.



The literature has also shown undesirable effects on cell adhesion associated with polymer NF coating. During the in vivo study of Zhang et al. [48], X-rays revealed radiographic signs of osteolysis and serious soft tissue swelling in rabbits implanted with Ti implants coated with the polymer PLGA using the electrospinning nanotechnique. Likewise, Boschetto et al. [2] found that uncoated Ti–6Al–4V discs presented larger mineralized areas of SaOS-2 human osteosarcoma cells associated with bone formation as compared to those coated with electrospun chitosan/PEO NFs, and osteoblast differentiation markers used to detect the bone formation process were more prevalent on the bare Ti–6Al–4V substrates than on those coated with the NFs. These NFs had to be infused with bioactive glasses to display the most homogeneous distribution of the osteoblast differentiation markers associated with mineralized matrix enhancement of all samples analyzed. These results were supported by the SEM images obtained by Şimşek et al. [19], which revealed a substantially reduced attachment of fibroblastic MC3T3-E1 preosteoblasts on cpTi strips coated with cross-linked PEO NFs when compared to the uncoated strips. The reduced cellular attachment persisted for 28 days, and the authors postulated that the poor affinity for the preosteoblastic cells, which are necessary for osseointegration, may be attributed to the hydrophilicity of the PEO polymer [19].




6.3. Antimicrobial Properties


Biomaterials used as medical implant materials are expected to display antibacterial activity for efficient biological activity [9]. Surfaces of Ti-based implants are susceptible to bacterial-associated infections during the invasive surgeries for which they are purposed [2]. As the amount of bone replacement surgeries increases, so do the incidences of implant-associated infection, which could lead to biofilm formation and devastating side effects [2,19,48]. Until recently, addressing antibacterial activity on the surface before the implantation was not considered part of biocompatibility enhancement modifications. Implant loosening resulting in re-surgeries has emphasized post-surgery complications resulting from bacterial infection, particularly with established and inherently treatment-resistant biofilms formed by microorganisms on the surfaces of biomedical implants [1]. Over the decades, several preventative and treatment strategies have been explored, and the majority generally suggest enriching implant surfaces with antibacterial agents, including antibiotic and metal-based antimicrobial agents, before surgery [2,66].



Another solution suggested for obtaining an antibacterial surface without sacrificing bioactivity is based on the use of coatings, hence the rapidly increasing popularity of NF coating of metallic substrates using the electrospinning process [2]. Şimşek et al. [19] significantly reduced attachment of both biofilm-forming and non-biofilm-forming strains of Staphylococcus epidermidis by coating Ti surfaces with PEO NFs using the electrospinning technique. Bacteria of the Staphylococcus genus, particularly Staphylococcus aureus and S. epidermidis, are responsible for a significant proportion of implant-related infections [19,48]. Hydrophilic chains of biocompatible polymers, such as poly(ethylene glycol) (PEG) or PEO-based coatings, provided a promising approach to inhibit bacterial attachment by means of the water layer covering the Ti substrate surface and introducing a high activation barrier against bacterial adhesion [19]. Boschetto et al. [2] electrospun chitosan blended with PEO onto Ti–6Al–4V ELI discs to improve the bioactivity and the antimicrobial properties. All their analyses, namely microbial viability assay, colony-forming unit counts and fluorescence microscopic observations, showed a significantly lower density of bacterial cells of S. epidermidis on the NF-coated surface as compared to the uncoated Ti–6Al–4V samples after 48 h.



In addition to the distinct ability of electrospun NF polymers to mimic natural matrices, they are able to retain various groups of antibacterial agents, including antibiotic drugs (for example, vancomycin, rifampicin and gentamicin) and metal/metal oxide-based antimicrobial agents (for example, silver (Ag), copper (Cu) and TiO2) for a controlled release and the longevity of implantation post-surgery without triggering the immune system to respond [1,9,11,66]. The ability of NFs to entrap and locally administer the release of antimicrobial agents is especially exceptional since the NF scaffold shares the cell attachment-promoting behavior of Ti, which induces the “race to the surface” feature between bacterial and mammalian cells [1]. Since the attachment of bacteria to the surface of a polymer may result in the formation of biofilms, biofilm-resistant polymers are essential for applications in the medical field. Polymers infused with antibacterial agents may promote prevention against bacterial adhesion and biofilm formation [9].



Zhang et al. [48] employed in vitro and in vivo experimental set-ups to evaluate the antimicrobial effect of Ti implants coated with electrospun PLGA and PLGA/vancomycin NFs against an S. aureus strain. There was no obvious effect of the PLGA-coated implants on the bacterial growth in vitro, while the PLGA/vancomycin group showed clear inhibition of bacterial growth. Furthermore, the in vivo assay showed signs of infection in the groups implanted with PLGA-coated Ti, and drug-loaded NFs did not stimulate immune reactions 4 weeks after implantation. Sadri et al. [87] also illustrated the antibacterial effectiveness of vancomycin-loaded chitosan/PEO coating against the adhesion of S. aureus. The occurrence of antibiotic-resistant bacteria, as with methicillin/oxacillin-resistant staphylococci, is another concern, which necessitates increments of antibiotics concentrations [3,7].



Jahanmard et al. [3] found that although antibiotics reduced both the planktonic and implant-adherent bacteria by at least 100-fold for up to 28 days, higher concentrations of antibiotics induce unwanted changes in NF morphology by forming micro-particles during the electrospinning process. Alternatively, Kiran et al. [1] carried out an antibacterial assay of Ti plates coated with PCL/TiO2 (2 and 5 wt %) against the bacterium S. aureus. The electrospun NF mat consisting of only PCL and 2% TiO2 showed a relative increase in the bacterial count compared to the control, and 5% TiO2 achieved antibacterial activity without significant toxicity. Aadil et al. [88] electrospun NF mat containing PVA and Ag nanoparticles, and the results revealed that the mat was effective against Gram-negative bacterium Escherichia coli and Gram-positive bacterium Bacillus circulans with disc diffusion inhibition zones of 1.1 and 1.3 cm, respectively. Similarly, des Ligneris et al. [89] successfully determined the antibacterial effect of PVA/Cu composite NFs was against E. coli.




6.4. Cytotoxicity


Titanium, Ti alloys and synthetic polymers are generally non-toxic [29]. Literature has illustrated through the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cytotoxicity assay that synthetic polymers are not adversely toxic to various cells, including osteoblasts and fibroblasts [24]. However, the obligation to function in blended forms with additional materials (such as antimicrobials) in order to fulfil the biocompatibility responsibilities often introduces the toxicity factor to implants and coatings when the additional material is administered in bulk dosages.



Kiran et al. [1] observed the MTT assay for toxicity on surface-coated cpTi substrates for day 1 and day 3 using human fetal osteoblastic cell lines. The surfaces had been coated with PCL/TiO2 NF by electrospinning. Compared to cpTi and PCL NF mat, initial attachment and proliferation of PCL/TiO2 nanocomposites supported the growth of the cells and mediated their proliferation by up to approximately 38%. However, cytotoxic was observed at a higher TiO2 nanoparticle content. Conversely, Zhang et al. [48] measured the cell viability of osteoblastic cells on Ti implants coated with PLGA and PLGA/vancomycin NFs. The results of their Cell Counting Kit-8 (CCK-8) cytotoxicity evaluation validated the cell-promoting effect of all NF-coated implants and thus showed the absence of cell toxicity over a 28-day test period. This was attributed to the slow and controlled release of vancomycin by NFs for the PLGA/vancomycin group.





7. Correlation between the Various Properties for Implant Stability


The stability of implants is a prerequisite characteristic for osseointegration and achieving long-term in vivo functioning [90]. Nonetheless, studies evaluating the stability of Ti implants coated with polymer NFs are scarce. Implant stability is defined as a measure of primary and secondary stability and is essential for influencing the outcome of implant treatment. It is, thus, useful as a tool for the objective prediction of implant success by indicating the most suitable interval for implantation [62,91]. Primary stability is determined by mechanical properties, including tensile and shear stresses at the implant–tissue interface, and secondary stability is identified as biological stability that is attainable through the process of osseointegration and soft tissue integration of the implant [62,92,93]. Several studies have illustrated a generally statistically significant correlation (p < 0.01; r > 0.5) between primary mechanical and secondary biological stability using invasive and non-invasive quantitative methods [90,91,92,93,94]. Figure 4 highlights some interrelations of the various properties that contribute to the failure of Ti implants in clinical applications to emphasize the recent advances towards the interplay between the various aspects presented in the current literature review.




8. Future Recommendations


Research on the various aspect, individually or in combinations, mandatory for the functionalization of polymer NF-coated Ti biomedical implants is scarce. Thus, future recommendations are as follows:




	
Comprehensive observations of the mechanisms at the implant–tissue and implant–coating interfaces should be prioritized.



	
Further research is necessary to clarify the nature of the ECM interaction with electrospun NFs at the nanoscale.



	
In vitro interactions between the tissue and the implant should be continually observed once the biodegradable NFs have been completely degraded in simulated human body conditions.



	
Additional polymeric biomaterials should be evaluated for approval to be utilized in conjunction with implants to overcome the limitation of polymers when addressing critical issues, for instance, tensile strength and Young’s modulus, for load-bearing bone implants.



	
With the various polymers available and human body complexities, polymer combinations, along with the nature and concentrations of additives required, should be explored.



	
The various demands on NF coating toward the surface modification of Ti implants are mutually dependent and should be investigated holistically for the implants to attain clinical and commercial viability.



	
In essence, the development of smart, functional materials exhibiting a synergy of chemical, physical, mechanical and biological properties should be the priority of implant-related studies.









9. Conclusions


Titanium and its alloys have increasingly been applied as medical implants over the decades because of their mechanical and biological advantages over fellow implantable materials. Likewise, the problems associated with metallic implants have also persisted since the discovery of biomaterials for orthopedic and dental implant applications. The root of most of these issues lies with the understanding of implant–tissue interactions at the nanoscale since the native tissue consists of complex nanostructures with unique arrangements of fibrous shapes. Thus, ECM-mimicking materials have prompted the need for further investigations. As such, nanotechnology has been found to provide effective means for manufacturing such materials. Electrospinning, in particular, offers advantages for the preparation of nanofibrous coating on Ti implant surfaces that resemble the fibrillary architecture of the ECM in native tissues.



In addition, most synthetic electrospun NFs, particularly composed of a mixture of polymers, are capable of exhibiting multiple biocompatible features. Furthermore, the accurate composition of the polymer NF coating may be able to provide the Ti implant surface with a tunable combination of physical, chemical, mechanical and biological properties to fulfil the implantation requirements. These requirements include mechanical stability with decelerated degradation rates of the NF coating while maximizing vigorous implant–tissue interactions and upholding the innate corrosion resistance and non-toxicity of Ti-based implants. Electrospinning of polymer NF scaffolds that are able to house and administer the dosages of various elements, including antibacterial and cell simulating agents, over a prolonged period are essential towards the realization of successful implantation. Implant success will, in turn, reduce the need for revision surgery, which would subsequently result in diminished surgical cost and implant-related mortality.
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Figure 1. Scanning electron microscope (SEM) micrograph illustrations of nanofibers (NFs) composed of (a) pure synthetic polymers (i) PCL [18], (ii) PLLA (Reprint with permission from [37]. Copyright 2013, Springer Nature) and (iii) PLGA [3]; and (b) synthetic and natural polymer composites of (i) PCL/Collagen [38], (ii) PLLA/Chitosan [37] and (iii) PEO/Chitosan [2]. 
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Figure 2. Schematic representation of a basic electrospinning horizontal set-up. 
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Figure 3. SEM images of human fetal osteoblastic cell lines seeded on Ti substrates coated with PCL/TiO2 NFs after incubation for (a) 1 day and (b) 3 days [1]. 
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Figure 4. Correlation of the various aspects relatable to implantation failure. 
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Table 1. Overview of the characteristics of synthetic polymers.
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	Polymer
	Properties
	Applications
	Degradation Rate
	Ref.





	Poly(ε-caprolactone) (PCL)
	Hydrophobic aliphatic polyester; slow degradation rate; bioactive; flexible mechanical properties; effectively entraps bactericidal material; semi-crystalline; semi-permeable
	Long-term implants; bone graft material; tissue engineering scaffolds; drug-delivery systems
	2–4 years
	[21,31,32]



	Poly(lactic acid) (PLA)
	Hydrophobic aliphatic polyester; slow degradation rate; bioactive; tunable mechanical properties; crystalline; porous; stereoisomers: poly(L-lactide)

(PLLA), poly(D-lactide) (PDLA), and poly(DL-lactide) (PDLLA)
	Biomedical coating; load-bearing applications; orthopedic fixation devices; tissue engineering; three-dimensional (3D) printed scaffolds; drug-delivery systems
	>24 months
	[21,31,32]



	Poly(lactic-co-glycolic acid) (PLGA)
	Hydrophobic/hydrophilic balance; intermediate/adjustable degradation rate; PLA/PGA copolymer; crystalline; semi-permeable; low osteoinductivity
	Copolymer for development of bone substitute constructs; bone regeneration; orthopedic implants; tissue engineering
	6–12 months
	[9,20,21,32]



	Poly(glycolic acid) (PGA)
	Hydrophilic aliphatic polyester; fast degradation rate; tunable material properties; crystalline; low solubility; semi-permeable
	Implants, tissue engineering; drug delivery; biological adhesives; open soft tissue wounds
	2–4 weeks
	[14,20,21,32]



	Poly(ethylene oxide) (PEO)
	Hydrophilic; synthetic hydrogel
	Composite functional materials; hydrogel coatings; blood contact
	-
	[2,25,33,34]



	Poly(vinyl alcohol) (PVA)
	Hydrophilic; fast degradation; gel-forming properties; good film-forming; good chemical resistance; semi-crystalline
	Implants; tissue engineering
	-
	[9,23,25,35]
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Table 2. Mechanical properties of Ti implant material and human tissue.
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	Material/Tissue
	Density (g/cm3)
	Young’s Modulus (GPa)
	Yield Strength (MPa)
	Tensile Strength

(MPa)
	Compression Strength (MPa)
	Elongation

(%)
	Fatigue Limit (MPa)
	Vickers Hardness (MPa)
	Ref.





	cpTi
	4.54
	108–115
	170–483
	240–550
	130–170
	15–24
	200–234
	60
	[68,69,70,71,72]



	Ti–6Al–4V
	4.429–4.512
	110–119
	760–1103
	862–1200
	848–1172
	10–18
	90–610
	~341
	[64,71,73,74]



	Cortical bone
	1.8–2.0
	7–30
	-
	35 trans.

283 long.
	160 trans.

240 long.
	-
	-
	-
	[64,75]



	Cancellous bone
	1.0–1.4
	0.01–3.0
	-
	1.5–38
	1.5–12
	-
	-
	-
	[64,75]



	Collagen
	-
	1.0–11.5
	-
	60
	-
	-
	-
	-
	[75]
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Table 3. Standards for adhesion measurement techniques for metallic substrates [83,84,85].
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	Method
	Standard





	Tape/peel test
	ASTM D3359



	Direct pull-off test
	ASTM D4541/ISO 4624



	Tensile adhesion test
	ASTM C633



	Scratch test
	ASTM D7027



	Indentation adhesion test
	ASTM E2546/ISO 14577



	Blister test
	-
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