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Abstract

:

Tissue engineering (TE) has attracted the widespread attention of the research community as a method of producing patient-specific tissue constructs for the repair and replacement of injured tissues. To date, different types of scaffold materials have been developed for various tissues and organs. The choice of scaffold material should take into consideration whether the mechanical properties, biodegradability, biocompatibility, and bioresorbability meet the physiological properties of the tissues. Owing to their broad range of physico-chemical properties, inorganic materials can induce a series of biological responses as scaffold fillers, which render them a good alternative to scaffold materials for tissue engineering (TE). While it is of worth to further explore mechanistic insight into the use of inorganic nanomaterials for tissue repair, in this review, we mainly focused on the utilization forms and strategies for fabricating electrospun membranes containing inorganic components based on electrospinning technology. A particular emphasis has been placed on the biological advantages of incorporating inorganic materials along with organic materials as scaffold constituents for tissue repair. As well as widely exploited natural and synthetic polymers, inorganic nanomaterials offer an enticing platform to further modulate the properties of composite scaffolds, which may help further broaden the application prospect of scaffolds for TE.
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1. Introduction


Tissue engineering (TE) is an emerging field of bioengineering, which has witnessed continuous development recently. The TE combines techniques and principles from multidisciplinary research disciplines, such as engineering, cell biology, and materials science to create native-like artificial tissues [1]. Moreover, TE is revolutionizing healthcare by providing on-demand, artificially developed tissues and organs for regenerative medicine. Intelligent multifunctional scaffolds provide instructional cues for the precise manipulation of cells in vitro and in vivo as well as to drive their assembly into artificial tissues to either replicate the in vivo microenvironment for disease and development-related studies or to assemble platforms for in vivo implantation [2]. A myriad of scaffolds based on an array of materials has been explored for TE applications. In addition, a series of biomaterials, such as natural and synthetic polymers [3,4,5], ceramics [6,7,8], silk proteins [9,10], alginates [11], chitosan [12,13], cellulose [14,15], and bioactive molecules [16,17] has been explored for different TE disciplines. These scaffold materials have shown promise for the regeneration of different types of tissues, including bone, cartilage, skin, and tendon [18,19,20] through cellular and signaling stimulation.



In addition to natural and synthetic polymers, inorganic materials, such as metal oxides (MOs), metal nanoparticles (NPs), and carbon-based nanomaterials (NMs) are being intensively studied for TE applications [21]. Layered silicate nanoclays have been widely pursued for dermatological and musculoskeletal applications [22,23]. Similarly, carbon-based NMs have been exploited as fillers for TE applications owing to their chemical stability, low coefficient of friction, good mechanical properties, heat and wear resistance, high electrical conductivity, and hardness [24,25,26]. On the other hand, MOs, including bioceramics, bio-glasses (BGs), and magnetic NPs have also been exploited for TE. Of these, bioceramics have been shown to induce biomineralization due to their excellent osteo-conductivity, chemical resistance, and durability. Bioceramics can be further classified as biologically inert, bioactive, or bioresorbable, which are mainly based on their interaction with the host tissues in vivo [27]. While biologically inert ceramics are physically and chemically stable and do not interact with the tissues, bioactive ceramics can repair, replace and regenerate tissues. On the other hand, bioresorbable ceramics gradually degrade in vivo without inducing obvious toxicity risks. Metal NPs are also widely exploited in TE due to their high stability and ease of synthesis. Different types of metal NPs, such as gold (Au), silver (Ag), iron (Fe), aluminum (Al), nickel (Ni), copper (Cu), strontium (Sr), and zirconium (Zr) [28] have been shown to play a pivotal role in regulating cellular behavior as well as promoting tissue regeneration. Since inorganic NMs exhibit unique physico-chemical and mechanical properties, their introduction into TE scaffolds may impart bio-functionality as well as improve elasticity and resistance to mechanical stress. Consequently, bio-scaffolds comprised of inorganic/organic hybrids may help realize customized biomechanical properties as well as sufficient bioresorbability [29].



Although polymeric scaffolds may induce tissue repair, the addition of inorganic NMs may further impart complementary functionalities to the scaffold; thereby, further broadening their application prospects. For instance, the addition of inorganic NPs may improve the osteogenic properties for bone tissue regeneration, antimicrobial activity and angiogenesis for wound healing, and electrical conductivity and anti-oxidative properties for nerve repair [30,31].



While inorganic NMs have been widely explored for TE, there is an acute lack of comprehensive reports detailing their use in electrospun nanofibers and organic–inorganic hybrids for different types of regenerative medicine and TE disciplines. We, herein, summarize various application forms and routes of inorganic NMs in electrospinning technology. Specifically, there are two major categories, including preparation of single inorganic nanofibers by electrospinning technique and the application of inorganic NMs to afford organic–inorganic composite nanofibers for TE. It is worthy to mention here that previously excellent reviews have been published about therapeutics and antibiotics loaded organic/inorganic nanofibers as well as inorganic NPs loaded composite nanofibers, however, which mainly focused on drug delivery and TE for nerve and skin regeneration [32,33].As compared to the previous papers, this manuscript provides a more comprehensive overview of the use of inorganic NMs in TE by electrostatic spinning, including both the repair of soft and hard tissues. Additionally, we surveyed recent articles about inorganic components doped electrospun nanofibers, which were also mentioned in previous papers (Scheme 1). In addition, we also focus on the fabrication of pure inorganic nanofibres and their applications as well as the application of pure inorganic nanofibres as matrices to prepare composite scaffolds, which is scarce in the literature. For the application of inorganic NMs we have a clearer classification in two broad categories: (i) electrostatically spun pure inorganic nanofibres and (ii) electrostatically spun organic/inorganic composite nanofibres, which authors recognize as a novel aspect of this manuscript (Scheme 1).




2. Electrospun Inorganic Nanofibers for Tissue Engineering Applications


Electrospinning technology uses a high voltage power supply to charge the surface of a polymer solution or solute under the influence of an applied electric field, which then accelerates the flow of the jet towards a collector of the opposite polarity. As the electrostatic gravitational force between the oppositely charged liquid and the collector, while electrostatic repulsion among the similar charges in the liquid becomes stronger, the solution forms a Taylor cone at the tip of the propeller. Once the strength of the electric field exceeds the surface tension of the liquid, the fiber jet is eventually ejected from the Taylor cone, while the solvent evaporates during the jet stroke and the solid polymer fibers are deposited on the collector to afford micro/nanofibers [34] (Figure 1A). The nature of the polymer itself, the magnitude of the applied electric field, spinneret-to-collector distance, temperature, and other environmental factors may influence the morphology and diameter of the nanofibers [35]. Depending upon the collector as well as its rotational speed, randomly-oriented or aligned micro/nanofibers can be fabricated to control the overall mechanical properties as well as the biological response of the scaffold.



Another electrostatic spinning technology of note is needle-free electrostatic spinning, which is characterized by the fact that it does not employ needle nozzles, but rather uses a free liquid surface where Taylor cones are randomly generated to produce several polymer jets [36]. Consequently, a variety of needleless spinnerets have been designed for the fabrication of scaffold materials, such as spiral coils, yarns, cylinders, discs, balls and wires [37,38,39,40,41,42,43,44,45,46] (Figure 1B).



In recent decades, electrospinning technology has attracted the considerable interest of the research community due to its simplicity, versatility, and cost-effectiveness [47,48,49,50]. Different types of electrospun nanofibrous scaffolds are being exploited for various TE disciplines. In addition, an array of materials has been employed for the mass production of continuous nanofibers with appropriate mechanical properties [50,51]. Being one of the most common biofabrication techniques, electrospinning has been widely used to produce micro- and nano-fibers manifesting one-dimensional (1D) to three-dimensional (3D) morphologies [52]. These micro/nanofibers can mimic the characteristics of the natural extracellular matrix (ECM), which may also have implications for regenerative medicine and TE applications.



In addition to its ability to afford micro/nano-fiber scaffolds with tailorable porosity and pore size [53,54,55], the simplicity and cost-effectiveness of electrospinning technique renders it as a potential polymer processing technique for TE applications [56]. Appropriate porosity and pore size of electrospun fibers may leverage essential cues to influence multiple cellular effects, including adhesion, proliferation, differentiation, and migration. Moreover, electrospun nanofibers may afford temporal and spatial release of biological cues, such as growth factors (GFs), peptides, and nucleic acid therapeutics to further facilitate tissue repair [57,58,59,60,61,62].



The physicochemical aspects of scaffolds, such as mechanical properties, biocompatibility, and degradability may be tailored by using appropriate materials during electrospinning, which may further broaden the applicability of electrospun scaffolds. Until now, a series of materials has been electrospun, which include natural and synthetic polymers as well as inorganic NMs. The latter may further be customized to afford the sustained and controlled release of therapeutic ions for tissue repair. While comprehensive reviews have already been devoted to polymer-based electrospun scaffolds [51,63], there is an acute scarcity of the reports about inorganic NMs-based nanofibrous scaffolds. Recently, the authors of this study and others have designed nanofibrous scaffolds solely based on inorganic NMs, which have shown potential to induce functional tissue repair as well as induce biomineralization and neovascularization in vitro and in vivo [64]. Therefore, we surmised to review inorganic NMs-based scaffolds for TE applications.



2.1. Electrospinning of Pure Inorganic Nanofibres


Herein, we will be discussing the research reports related to the fabrication of nanofibrous scaffolds either based on pure inorganic NMs or the combination of inorganic NMs along with metal ions, natural polymers, or synthetic polymers. We have also enumerated the applications of these nanofibrous scaffolds for TE.



2.1.1. Bioactive Glass-Based Electrospun Scaffolds


Among the inorganic components, BGs are a group of inorganic NMs that have been widely exploited for the treatment of bone defects, primarily owing to their ability to promote bone repair through therapeutic ions release or the formation of a superficial layer of hydroxyapatite (HAp) upon exposure to the physiological fluids [65,66]. This surface layer resembles the chemical composition and structure of bone minerals and therefore plays a key role for osteo-inductivity and interaction with the surrounding bone tissue. The BGs belong to a well-known class of synthetic bone replacement materials, which have been harnessed to mimic the 3D nanofilament structure of bone ECM. Kim et al. [67] employed sol–gel precursors to realize 1D BG-based electrospun nanofibers, which displayed cytocompatibility and simulated the biomineralization of HAp crystals in simulated body fluids. These BGs-based nanofibers may impart bio-activity as well as afford ECM-like morphological features. Electrospun BGs nanofibers can maintain the bionic nature of the bone ECM as well as leverage bioactive signals for bone tissue repair. The BGs may stimulate/induce the osteogenic differentiation of osteoblasts, inhibit bone resorption and collagen degradation, and promote osteogenic differentiation through relevant signaling pathways. Weng et al. [68] successfully prepared BG nanofibers doped with inorganic metals, such as strontium (Sr) and Cu, by using electrospinning technology (Figure 2A i). The doping of BGs with Sr significantly improved osteogenesis and inhibited osteoclast formation (Figure 2A ii–iv), while doping with the Cu promoted angiogenesis (Figure 2A v–vii). Owing to their ability to mimic the bone microenvironment and release therapeutic ions, these BG nanofibers may hold promise for bone TE. Similarly, Gazquez et al. [69] leveraged electrospinning to fabricate yttria-stabilized zirconia (YSZ) scaffolds by using polyvinylpyrrolidone (PVP) and YSZ precursors. As compared to pure ceramic materials, YSZ ceramic nanofibers exhibited remarkable flexibility as well as promoted the growth of human mesenchymal stromal cells (hMSCs), which may have implications for bone TE owing to the unique combination of the high stiffness and flexibility of resulting scaffolds (Figure 2B).



Recently, bioactive glass nanofiber film consisting of electrostatically spun flexible MgO2-doped silica (SiO2/MgO) has also been developed [70]. In vitro results revealed good cytocompatibility and bioactivity of these purely inorganic nanofiber membranes, which improved cell proliferation and angiogenesis. The sustained release of silicon and magnesium ions induced antibacterial effects of membranes by modulating the expression of inflammatory factors by stimulating effector cells, thereby promoting healing of infected wounds in a murine allograft model.




2.1.2. Inorganic Oxides-Based Electrospun Nanofibers


A series of inorganic MOs have been spun to afford nanofibrous scaffolds. Silica (SiO2) has been widely exploited as a drug delivery carrier as well as a scaffold for TE [71,72,73,74]. In addition, SiO2 NPs have been incorporated into polymers to afford electrospun scaffolds [75,76,77]. The release of silicon ions plays an important role in enhancing the biological performance of scaffolds. Electrospun nanofibers solely composed of inorganic SiO2 have also been fabricated.



Application of Electrospun Nanofibres of Inorganic Oxides Prepared into Hydrogels


Hydrogels are widely used in a variety of biomedical applications due to their inherent ability to retain high water content as well as their good miscibility with a range of natural and synthetic polymers [78,79]. The overall physical and mechanical behavior of hydrogels depends on the underlying internal structure [80]. However, the low mechanical strength and limited functionality of conventional hydrogels adversely affect their use in tissue engineering [81]. Consequently, the combination of hydrogels with electrospun scaffolds may be an effective way to improve inherent limitations associated with hydrogel.



Yang et al. [82] developed nanofibrous hydrogels (NFH) by combining flexible SiO2 nanofibers along with ionically-crosslinked alginate. As compared to the hydrogels composed of pristine alginate, NFH exhibited remarkably higher mechanical properties, which were attributable to flexible SiO2 nanofibers. The NFH showed a plastic deformation value of only 9.5% after 1000 compression cycles at 50% strain (Figure 3A iii). In addition, the Al-alginate was uniformly wrapped around the surface of the SiO2 nanofibers, which further improved the water content of NFH for up to 99.8 wt.% (Figure 3A ii). This highly hydrated and porous nanofibrous structure allowed NFH to maintain a sensitive shape memory recovery function as well as imparted injectability characteristics (Figure 3A i). The combination of highly sensitive responsiveness of NFH with the current and pressure may further open a window of opportunity for research in electrical/pressure-stimulated TE scaffolds (Figure 3A vi. Despite these encouraging results, the biocompatibility of these NFH hydrogels as well as their long-term in vivo implantation yet remains to be explored.



Wang et al. [83] incorporated SiO2 nanofiber membranes into CS hydrogels to afford NF/CS composite hydrogels. The addition of SiO2 remarkably improved the mechanical properties of hydrogels in contrast to that of cellulose acetate (CA) or polyacrylonitrile (PAN) nanofiber membranes. The obvious effects of SiO2 membranes over CA or PAN nanofibers were ascribed to the higher modulus and tetrahedral structure of SiO2. The mechanical properties of NF/CS composite hydrogels were also increased with an increase in the SiO2 content. Owing to their resemblance to the bone ECM, these composite NF/CS hydrogels not only exhibited higher mineralization and biocompatibility but also promoted the osteogenic differentiation of hMSCs (Figure 4A i,ii), which was even comparable to the hydrogels immobilized with bone morphogenetic protein-2 (BMP2, 50 ng per matrix) (Figure 4A iii). Despite these encouraging in vitro results, in vivo evaluation over a long time period yet remains to be accomplished to better discern the effect of these scaffolds on bone repair.




Application of Electrospun Nanofibres of Inorganic Oxides Prepared as Composite Three-Dimensional Scaffolds


Wang et al. [84] developed a 3D fibrous scaffold (SiO2NF-CS) constructed from chitosan (CS) layers wrapped around flexible SiO2 nanofibers [82]. Unlike the inherent structural fragility of inorganic nanofibers, the SiO2NF-CS scaffolds displayed super-resilience in the aqueous environment, showing full recovery to their initial height as well as maintaining an intact porous structure under cyclic compression at strain values for up to 80% (Figure 3B i). These data indicate that the scaffolds can maintain perfect shape recovery properties in the aqueous environment. The inorganic rigid SiO2 nanofibers remarkably improved the mechanical properties of the scaffold (Figure 3B iii), which may also have implications for bone TE. The hMSCs maintained >95% cellular activity and a significant growth trend on the SiO2NF-CS scaffold (Figure 3B ii). In addition to its good cytocompatibility, SiO2NF-CS also induced multi-directional differentiation of hMSCs (Figure 3B iv,v); SiO2 promoted the differentiation of MSCs into osteoblasts through enhanced mineral deposition [85]. The implantation of these scaffolds in a cranial defect model in rats further led to significant bone regeneration.



To accurately replicate the composition and stiffness gradients of subchondral bone, Wang et al. fabricated 3D SiO2 nanofiber-CS scaffolds (SiO2NF-CS), which showed a stiffness gradient attributable to the SiO2 nanofiber content. The incorporation of SiO2 remarkably improved the mechanical properties of scaffolds. With an increase in the SiO2 content into the scaffolds from 0% to 90%, the compressive modulus was increased from 4.5 kPa to 45 kPa, while compressive stress from 4 kPa to 18 kPa, respectively. Intriguingly, the gradient in the SiO2 nanofiber content also influenced the stiffness of scaffolds, which promoted the differentiation of hMSCs to chondrocytes and osteoblasts. As can be seen from these data, SiO2 plays an important role to not only influence the mechanical properties of scaffolds but also promote the cytocompatibility and differentiation to promote osteochondral regeneration.



Similarly, Wang et al. [86] developed flexible binary SiO2-CaO nanofiber membranes to afford 3D SiO2-CaO NF/CS scaffolds (Figure 4B i). The 3D SiO2-CaO NF/CS scaffolds were further optimized to better mimic the ratio of inorganic/organic components of the bone ECM. The weight ratio of the SiO2-CaO to chitosan was 65/35. The addition of flexible SiO2-CaO short nanofibers enhanced the stiffness and elasticity of the scaffolds (Figure 4B ii,iii). The hBMSCs co-cultured along with the scaffold showed good biocompatibility and significant biomineralization behavior (Figure 4B iv–vi). These results indicate the potential of the scaffolds to promote osteogenic differentiation in vitro as well as bone repair in a cranial defect model in rats in vivo.



Liu et al. [64] fabricated flexible superelastic organic/inorganic composite aerogel scaffolds consisting of flexible SiO2 nanofibers and electrospun poly(L-lactide)/gelatin nanofibers. The scaffolds displayed good elasticity and mechanical strength with a silica content of up to 40% (Figure 4C i). Silicon ions (Si4+) were sustainably released from the scaffold for up to 8 weeks, which not only promoted the differentiation of rat bone marrow derived mesenchymal stem cells (rBMSCs) into osteoblasts but also induced angiogenesis by promoting the tube formation of HUVECs in vitro (Figure 4C ii–iii). Implantation of these scaffolds in a cranial defect model in rats simultaneously promoted osteogenesis and angiogenesis (Figure 4C iv). Taken together, these flexible yet sufficiently robust scaffolds may possess good potential for bone TE.






2.2. Electrospun Organic–Inorganic Composite Nanofibers


Different types of polymers have been blended along with an array of inorganic NMs to fabricate organic/inorganic hybrids. The most widely explored synthetic biodegradable polymers include polylactic acid (PLA), polycaprolactone (PCL), polyurethane (PU), poly(lactic-co-glycolic acid) (PLGA), and poly(L-lactide-co-ε-caprolactone) (PLCL). On the other hand, natural polymers include collagen, chitosan (CS), bacterial cellulose (BC), silk fibroin (SF), and polysaccharides (PS). It is noteworthy to mention here that synthetic biodegradable polymers can be tailored to afford a range of properties [78,87]. Since either natural or synthetic polymers alone cannot meet the key requirements of ideal scaffolds, they have been blended together to simultaneously realize good biocompatibility and mechanical properties for TE applications. In addition, a wide variety of functional inorganic NMs is blended along with natural and synthetic polymers to further modulate their applications in regenerative medicine and TE. While the advantages of functional inorganic NMs in the context of regenerative medicine and TE have been enumerated in preceding sections, here we have outlined the methodologies adopted to realize functional organic–inorganic nanofibers by employing different types of inorganic NMs. Moreover, the applications of these materials have been discussed in detail for TE applications.



2.2.1. Inorganic–Organic Composite Nanofibers Doped with Bioactive Glass Components


The scaffolds prepared solely by using natural/synthetic polymers may not meet the requirements for the regeneration of targeted tissues/organs or other physico-chemical properties, which may require the introduction of additional components for tissue repair. For instance, scaffolds for musculoskeletal tissue repair should not only simultaneously promote osteogenesis and angiogenesis but should also display appropriate mechanical properties comparable to the targeted tissues, such as ligament, bone, or cartilage. Consequently, functional bioceramics are often added as a reinforcing phase to improve the mechanical properties of the scaffold as well as afford the sustained release of therapeutic ions for functional tissue repair [88]. The interconnected porous structure of the electrospun nanofibers allows for cell adhesion which, when combined with the highly bioactive properties of BG, may further enhance the potential of inorganic–organic nanofibers. The addition of an appropriate content of bioceramics into the polymer solution should not pose an adverse effect on the electrospinning process [89,90].



Labbaf et al. [91] fabricated electrospun PCL/BG fiber membranes. The BG particles improved the cytocompatibility of nanofibers; PCL/BG fibrous membranes showed fast biomineralization after 21 days in simulated body fluid (SBF). Dental pulp stem cells were significantly adhered to PCL/BG fibrous membranes and differentiated to afford a mineralized matrix. Ding et al. [92] designed honeycomb-like polyhydroxybutyrate/poly(ε-caprolactone)/58S sol–gel bioactive glass (PHB/PCL/58S) hybrid scaffolds through self-assembly-driven electrospinning. The addition of 58S BG further improved the hydrophilicity of PHB/PCL membranes, which improved cell adhesion, cell proliferation, and biocompatibility. Similarly, Saraf et al. [93] blended BG NPs along with cellulose acetate to produce organic–inorganic composite nanofibers. Composite scaffolds containing 3% of BG displayed smooth nanofibers. Notably, the addition of BG improved bactericidal properties of scaffolds against gram-negative and gram-positive bacteria. The scaffolds containing BG NPs also promoted wound healing in diabetic rats, which may be ascribed to the antibacterial effects of BG as well as its propensity to induce tissue regeneration.



Gönen et al. [94] synthesized Sr and Cu ions doped BGs and blended them into PCL/Gel to afford nanofibers. The BG NPs induced the deposition of HAp layers as well as promoted the cytocompatibility and enhanced the degradation of fibers (Figure 5A i,ii). The release of Sr and Cu ions induced osteogenic, angiogenic, and antibacterial properties to the scaffolds. Since therapeutic ions play an important role to promote tissue repair, these organic–inorganic nanofibers capable of sustained release of ions may have substantial tissue repair effects (Figure 5A iii). While the incorporation of inorganic ceramic NPs into polymer scaffolds can improve several aspects of the scaffolds, such as biocompatibility, biomineralization, and biodegradability, the inherent stiffness and brittleness of BG NPs still require optimization.




2.2.2. Inorganic–Organic Composite Nanofibres Doped with Hydroxyapatite


Hydroxyapatite (HA, Ca10(PO4)6(OH)2) exhibits structure and composition similar to that of natural apatite found in bone tissues and, owing to its high mechanical strength and biocompatibility, it is widely used as a scaffold material for bone TE. However, HA may have several drawbacks as a scaffold material, including a mismatch between the degradation rate and new bone formation as well as the low porosity and plasticity of the scaffolds, which impede its widespread use [95,96].



The HAp can be synthesized by using different types of methods, such as chemical precipitation (CP), hydrothermal (HT), and sol–gel (SG) [97,98]. Wet precipitation (WP) is also commonly used for the synthesis of HAp [99]. However, this approach is limited by diffusivity, whereas the Ginstling–Brounstein (GB) model is suitable for describing diffusion control processes [100]. In addition to traditional methods for HAp synthesis, including CP and SG, alternative approaches, including microwave synthesis, may offer a unique platform to generate HAp with the desired structure and properties [101,102].



In order to overcome the disadvantages associated with the mere use of HAp as well as achieve good osteogenic effect, electrospun scaffolds can be developed by blending HAp along with natural and synthetic polymers. Erdem et al. [103] blended poly(L-propylene-co-ε-caprolactone), Col I, and Ag-doped HAp particles to afford electrospun fibers, which showed good bactericidal properties as well as osteogenic properties. Since native bone exhibits high ceramics content embedded in ECM, recapitulating such features is pivotal for bone TE. Wu et al. [104] blended high content of HAp (~ 60%) along with PCL by using the electrospinning method and systematically studied concentration-dependent effects of HAp on cell infiltration and growth. Similarly, Johari et al. [105] leveraged electrospinning to afford composite nanofibers by blending PCL and fluorinated hydroxyapatite (FHAp). Composites containing 10 wt.% of FHAp NPs afforded smooth and uniform fibers manifesting remarkable biocompatibility and cell adhesion. It is worthy of note that, owing to poor compatibility between polymer matrix and HAp NPs, the resulting scaffolds may exhibit weak mechanical properties and failures, which necessitates further studies. Moreover, owing to the complex nature of the bone defects, while electrospun nanofibers can better fit these defects, precision design of such scaffolds is of considerable significance for their clinical translation. Finally, as the bones are load-bearing tissues, adequate attention should be paid to design scaffolds with optimized mechanical properties to not only provide mechanical support but to also promote reciprocally interaction with the regenerating bone.




2.2.3. Inorganic–Organic Composite Nanofibers Doped with Inorganic Metal Oxides


Similar to the incorporation of bioactive ceramics into scaffold materials, different types of inorganic NPs, such as metals and MOs, have been incorporated into scaffolds. Especially, Mg and magnesium oxide (MgO) have attracted increasing interest in regenerative medicine due to their biocompatibility, biodegradability, and bioactivity. The authors prepared hybrid nanofibers by blending MgO along with a PCL/gel mixture solution [106,107]. Owing to the release of the Mg2+, composite membranes containing MgO increased the VEGF production of HUVECs and promoted wound healing in diabetic rat models. The appropriate content of MgO also conferred antimicrobial characteristics to scaffolds to induce wound repair. Similarly, Rijal et al. [108] blended MgO along with PCL and CS. The composite nanofibers exhibited an average fiber diameter in the range of 0.7 to 1.3 μm. The ultimate tensile strength (UTS) of the electrospun membrane was ~3 MPa and Young’s modulus was ~25 MPa (Figure 5C i,ii). The 3T3 fibroblasts cultured on composite nanofibers showed good viability, cell adhesion and cell attachment, thereby indicating the good cytocompatibility of hybrid nanofibers (Figure 5C iii).



In addition, Zn plays a pivotal role for bone structure and metabolism [109]. The Zn also exhibits antibacterial properties and is an essential metal element for cell growth and ECM production. The antibacterial properties of ZnO NPs have been ascribed to the release of zinc ions as well as the production of reactive oxygen species (ROS) [110]. The ZnO NPs have attracted increasing interest in TE due to their excellent antibacterial properties and minimal side effects on human cells. Compared to pure ZnO, hybrid nanofibers containing ZnO micro/nanoparticles may have obvious advantages. To afford antibacterial scaffolds, Zhan et al. [111] functionalized polyacrylonitrile (PAN) nanofibrous membranes with ZnO by a chemical grafting method. The ZnO considerably improved the hydrophilicity of membranes as well as the antibacterial activity and cytocompatibility. Mao et al. [112] developed a multifunctional 3D PLA/gelatin/ZnO nanofiber aerogel scaffolds (Figure 5B i), which showed higher water absorption and permeability than that of the 2D membranes. These nanofibers may have potential to absorb wound exudate while ensuring good gas exchange (Figure 5B ii). The addition of ZnO NPs also showed higher production of ROS, thereby improving the antibacterial properties (Figure 5B iii). The implantation of these hybrid membranes onto infected skin wounds in vivo reduced inflammatory responses and effectively promoted healing (Figure 5B iv). Jaykumar et al. [113] blended ZnO/HAp with PLCL and PLCL/SF. The composite nanofibers showed an average fiber diameter of 139.4 ± 27 nm. Human fetal osteoblasts (hFOB) showed higher cell proliferation (Figure 6A i), osteogenic gene expression, and mineral secretion in scaffolds containing ZnO/HAp than that of the scaffolds devoid of NPs (Figure 6A ii,iii).




2.2.4. Inorganic–Organic Composite Nanofibers Doped with Other Inorganic Components


In addition to the aforementioned inorganic NMs, various types of NMs, including nano silicates (nSi) have also been incorporated into nanofibers. The degradation products of nanosilicates include magnesium ions (Mg2+), orthosilicic acids (Si(OH)4), and lithium ions. Interaction of inorganic NPs with hMSCs may activate signaling pathways associated with stress responses to induce the osteogenic differentiation of hMSCs [114]. Carrow et al. [115] prepared scaffolds for bone TE by mixing nano-silicates along with poly(ethylene oxide terephthalate)/poly(butylene terephthalate) (PEOT/PBT) copolymers by using 3D printing. The addition of 2D nanosilicate inhibited the degradation of the copolymer, thereby ensuring the stability of the scaffold under physiological conditions (Figure 6B i). Noticeably, nanosilicates can induce the osteogenic differentiation of hMSCs even in the absence of osteo-inductive agents. Consequently, hMSCs are more likely to proliferate and upregulate bone-associated proteins and promote biomineralization on scaffolds containing nanosilicates (Figure 6B ii–iv). Consequently, the addition of nanosilicates provides an alternative approach to develop multifunctional scaffolds for BTE.



Wang et al. [116] successfully prepared organic/inorganic nanofiber membranes containing different content of nSi (i.e., PCL—0%nSi, PCL—1%nSi, PCL—5%nSi and PCL—10%nSi) and assessed their potential for in vivo ectopic osteogenesis in rats. At low nSi content, the mechanical properties of the nanofibers were improved (Figure 6C i), however, nSi adversely affected the cytocompatibility of scaffolds. The nanofibers containing nSi may not only promote biomineralization in vitro but may also induce ectopic bone formation in vivo as compared to pure PCL scaffolds (Figure 6C ii,iii).






3. Conclusions and Future Outlook


As the field of TE continues to evolve, nanofiber scaffolds fabricated either by using natural or synthetic polymers may be insufficient to induce a tissue-specific reparative effect. Commonly used synthetic polymers show excellent mechanical properties and biodegradability; however, poor biocompatibility may limit the application prospects of resulting scaffolds in TE. Likewise, while natural polymers exhibit good biocompatibility and biodegradability, as well as mimic ECM for microstructure and tethered ligands, they lack mechanical properties as required for musculoskeletal TE and related disciplines. It is noteworthy to mention here that while designing scaffold materials for TE, the target or gold-standard mechanical properties should be taken into consideration, which may include, for instance, strength, modulus, fatigue/viscoelastic creep properties as well as thermal expansion, chemical stability/resistance against ageing etc. Consequently, hybrid scaffolds consisting of natural and synthetic polymers may have great application prospects to appropriately tailor the properties of hybrid scaffolds. For bone TE, HA composites have been shown to exhibit compressive strength between 2 to 230 MPa and modulus of elasticity in the range of 0.05 to 30 GPa, thereby matching the mechanical properties of bone tissues. In addition, the scaffolds displaying pore sizes above 50 μm and degradation period between 2 to 6 months have been shown to facilitate cellular infiltration and angiogenesis for bone TE [95]. As mentioned above, despite good potential of hybrid scaffolds solely fabricated by using natural/synthetic polymers, additional candidates, such as inorganic NMs may be harnessed to further ameliorate the limitations associated with these scaffolds as well as confer additional bioactivity to scaffolds. Different types of inorganic NMs, such as BGs, metal NPs, and MOs may be blended along with natural/synthetic polymers as alternative materials for a wide range of scaffolds by using different techniques (Table 1). Organic–inorganic composite scaffolds may help realize the dual functional synergies of organic and inorganic materials to achieve better repair results. While we have mainly discussed composite nanofiber scaffolds consisting of natural/synthetic polymers and inorganic NMs prepared by using electrospinning methods, other types of fabrication techniques may also be harnessed to fully exploit the therapeutic effect of inorganic NMs.



Additionally, owing to the uniqueness of different types of tissues in terms of their physico-chemical properties, it is of considerable significance to better predict or model the properties of scaffolds as well as their performance following transplantation in vivo. It is also of interest to note that some recent studies have shown that the modeling can provide a convenient way to predict the properties of polymers and polymer composites. For example, modelling of the tensile strength of polymers to predict the mechanical properties of binary polymer blends of different compositions [117]. A temperature- and damage-dependent tensile strength (TDDTS) model for polymer fiber/composites may enable analysis of the factors influencing the tensile properties and damage evolution with temperature [118]. Similarly, modeling studies may help predict minimum strength and dimensional effects of 3D printed polymers by using fused deposition modeling and injection moulding [119]. Consequently, these modeling and machine learning tools may be instrumental to simulate and predict the properties of inorganic NMs or organic/inorganic composites, including strength, modulus, fatigue/viscoelastic creep properties as well as thermal expansion, chemical stability/resistance against ageing, etc. Consequently, such screening tools of scaffolds and biomaterials may help design advanced TE platforms to accurately recapitulate the features of ECM as well as predict the performance of transplants in vivo, thereby holding great promise for future biomaterials discovery.



Since inorganic NMs exhibit good physico-chemical properties and bioactivity, they can significantly improve the performance of scaffolds and may also have a direct impact on the growth of different types of cells. Since inorganic ions have been shown to be the important regulators of angiogenesis and osteogenesis, precisely-designed inorganic NMs may be harnessed to simultaneously promote angiogenesis and antibacterial effects as well as scavenge ROS [120] for tissue repair. The strategy of introducing inorganic NMs may further widen the application prospect of biomaterials. While an array of inorganic NMs have already been harnessed to afford functional scaffolds for TE, further research is warranted to better delineate their effect to promote tissue repair. Similarly, whereas composite nanofibers doped with inorganic NMs have been widely harnessed for musculoskeletal tissue repair, their application for other injury/tissue types, such as skin, heart, ischemia, muscle, and nerve may further be exploited. The precise design of inorganic NMs focusing the particular requirement of the therapeutic ions needed for the targeted tissue types is further warranted. Equally important, while different types of inorganic NMs can first be synthesized and then be incorporated into nanofiber scaffolds, their distribution, appropriate content, and biocompatibility should be carefully considered. The inclusion of inappropriate amounts of inorganic components may lead to rapid release inducing cytotoxicity, which requires a careful attention. In addition, inorganic NPs need to be compounded with organic polymer materials for the preparation of electrospun nanofibers, and there are many limitations on the amount and size of doping, which need to be carefully considered for future applications during the fabrication of scaffolds. On the contrary, in-situ synthesis of inorganic NMs during electrospinning or their incorporation through reactive electrospinning based techniques may not only shorten the fabrication steps but may also afford advanced regenerative medicine and TE platforms. These approaches may further help develop off-the-shelf available nanofiber platforms for a range of injuries and defects.



In addition, a series of flexible nanofibrous membranes of purely inorganic NMs (e.g., SiO2 nanofiber membranes) have been prepared by electrospinning techniques in recent studies and have shown good results in specific tissue repair processes. However, there are still several issues, which need to be carefully addressed for the translation of inorganic NMs-based fibers for TE applications. There are perpetuating challenges about the technological progress of the synthesis of inorganic NMs as well as their hybrids with natural and synthetic polymers by electrospinning method, which requires careful attention for scalability, uniformity, and homogeneity for commercialization and clinical applications [121]. Electrospun membranes of inorganic MOs may show weak mechanical properties and fragility, presumably due to the high content of inorganic NMs, which may impede their application in TE. In future studies, the preparation of other kinds of inorganic MOs nanofiber membranes should be further explored, and pure inorganic nanofiber membranes with good flexibility, such as the SiO2 nanofibers mentioned above, should be prepared by adjusting the preparation process, such as calcination temperature, electrostatic spinning parameters and material ratio, etc. Similarly, release of therapeutic ions from inorganic NMs has been shown to promote tissue repair. Specifically, mesoporous SiO2, Mg(OH)2, cobalt (Co), copper (Cu) and BGs based scaffolds have been put forwarded and shown to stimulate tissue repair process as well as afford microbial protection and anti-inflammatory properties through release of different types of ions [70,120,122,123,124]. Consequently, release kinetics of therapeutic ions should be carefully considered to possibly predict the safe window for their therapeutic effects while safeguarding cells and tissues in vivo from toxicity risks; the overproduction of therapeutic ions may adversely affect cell viability and tissue repair process, which warrants further detailed studies.



To conclude, much progress has been made in the field of TE in the production of scaffolds by using different types of inorganic NMs, and many studies have highlighted the potential of these composite nanofibers in controlling specific tissue functions. Nevertheless, long-term therapy with inorganic-bound scaffolds in TE applications still requires long-term pre-clinical studies.
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	Human mesenchymal stromal cells
	hMSCs



	Nanofibrous hydrogels
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	Polyurethane
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	BC
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	Ultimate tensile strength
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	Polyacrylonitrile
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	Poly(ethylene oxide terephthalate)
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Scheme 1. Electrospun inorganic nanofibers and inorganic-organic hybrids for tissue engineering applications. 
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Figure 1. (A) Schematic illustration of an electrospinning setup for the fabrication of random and aligned nanofibers. For random nanofibers, a flat collector is used, while for aligned nanofibers, a fast rotating collector is used. (B) (i–vi) Schematic diagram of a few needleless electrostatic spinning devices. (i) The experimental setup of wire loop spinneret, (ii) a multi-jet needleless electrostatic spinning device with the shape of the spinneret in the upper right corner, (iii) mushroom-electrospinning setup, (iv) splashing needleless electrospinning system, (v) wire coil electrospinning setup, (vi) apparatus for disc electrospinning and a photo of the electrospinning process. (B) (i) Reproduced with permission from reference [37]. Copyright 2019. Published by Elsevier Ltd. (ii) Reproduced with permission from reference [42]. Copyright 2019 Polymers. (iii) Reproduced with permission from reference [43]. Copyright 2020, the author(s). Published by Elsevier Ltd. (iv) Reproduced with permission from reference [44]. Copyright 2010, Society of Plastics Engineers. (v) Reproduced with permission from reference [45]. Copyright 2009, Society of Plastics Engineers, and (vi) Reproduced with permission from reference [46], Copyright 2012, Wiley Journals. 
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Figure 2. (A) (i) Schematic representation of the strategy for the action of Cu and Sr ions. (ii) The ALP activities of BG nanofibers. (iii) The mineralized area was stained by alizarin red at day 15. (iv) Alizarin red staining of different groups. (v) Quantification of the number of nodes and tube length of human umbilical vein endothelial cells (HUVECs) cultured on the Matrigel for 16 h. (vi) Quantification of secreted vascular endothelial growth factor (VEGF) from human bone marrow mesenchymal stem cells (hBMSCs) for different groups. (vii) (a–f) Inverse color images of the vascularization of HUVECs cultured in the presence of the extraction media from different glass nanofiber. (B) (i) ALP activity. (ii) Gene expression analysis for COL1A1, BMP2, and RUNX2. (iii) The formation of mineralized ECM was ascertained by staining the scaffolds with alizarin red S. (iv) Quantitative analysis of the mineral deposits per scaffold by alizarin red S staining at day 28. (A) (i–vii) Reproduced with permission from reference [68]. Copyright 2017, American Chemical Society (ACS) publishers. (B) (i–iv) reproduced with permission from reference [69]. Copyright 2016, American Chemical Society (ACS) publishers. Asterisks indicate significant differences (p < 0.05). 
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Figure 3. (A) (i) Stent shape recoverability and injectability. (ii) NFH with an ultra-high water content of 99.8 wt.%. (iii) A fatigue compression test with 1000 cycles and at ε = 50%. (iv) 100 cycle current compression-responsive test at ε = 50%. (v) Response of NFHs toward applied current at various pressures. The dotted lines showed two linear regions with different sensitivities. (vi) Electrical conductivities of NFHs and other selected hydrogels with high water content. (B) (i) Macroscopic and microscopic structural changes during compression and shape recovery in aqueous medium. (ii) Live/dead staining of hMSCs. (iii) 3D compression modulus map of SiO2 NF-CS scaffolds as compared to other nanodopants-enhanced hydrogels reported in literatures. (iv) Representative images for the immunostaining of OC4-30 (red), collagen II (green), and FABP4 (red). (v) Histological staining by using H&E, Masson’s trichrome, and Goldner’s trichrome as well as immunostaining by using OPN, OCN, CD31, CD34, α-SMA, and VEGF of rat cranial defects at 10 weeks postoperatively. (A) (i–vi) Reproduced with permission from Ref. [82]. Copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (B) (i–v) Reproduced with permission from Ref. [84]. Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Figure 4. (A)(i) SEM images of mineralized SiO2 NF/CS matrices. (ii) Live/dead staining assay of hMSCs. (iii) IF staining of scaffolds by using OC4-30, collagen II, and FABP4. (B) (i) Schematic illustration of the fabrication of 3D SiO2-CaO NF/CS scaffold. (ii) Compression curves. (iii) Shape recovery of scaffold in aqueous medium. (iv) Cell viability of MSCs. (v) SEM photomicrographs of in situ mineralized scaffolds. (vi) H&E and Masson’s trichrome staining of scaffolds. (C) (i) UCS of scaffolds under dry conditions. (ii) Alkaline phosphatase (ALP) activity of scaffolds. (iii) Cumulative release of VEGF. (iv) H&E staining and Masson’s trichrome staining of scaffolds. (A) (i–iii) Reproduced with permission from Ref. [83]. Copyright 2020 Elsevier Inc. (B) (i–vi) Reproduced with permission from Ref. [86]. Copyright 2019 American Chemical Society. (C) (i–iv) Reproduced with permission from Ref. [64]. Copyright 2022 Wiley-VCH GmbH. 
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Figure 5. (A) (i) SEM images of PCL/gelatin fiber mats containing Sr and Cu-doped BG after immersed in SBF. (ii–iii) Mass loss and ion release curves (a) Gt/PCL/Sr-BG and (b) Gt/PCL/Cu-BG fiber mats. (B) (i) Preparation of PLA/gelatin/ZnO aerogel scaffolds. (ii) water absorption rate and air permeability of nanofiber aerogels. (iii) ROS production of L929 cells seeded onto scaffolds. (iv) H&E staining of nanofibers. (C) (i) Ultimate tensile strength, (ii) Young’s Modulus, and (iii) cytotoxicity result of 3T3 cells grown on PCL (control) and PCL/MgO nanofiber membranes. (A) (i–iii) Reproduced with permission from Ref. [94]. Copyright 2015 Elsevier Ltd. (B) (i–iv) Reproduced with permission from Ref. [112]. Copyright 2021, Elsevier. (C) (i–iii) Reproduced with permission from Ref. [108]. Copyright 2017 Elsevier B.V. 
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Figure 6. (A) (i) Proliferation of hFOB cultured on biocomposite nanofiber scaffolds. (ii) Alkaline phosphatase activity. (iii) ARS staining on biocomposite nanofiber scaffolds to quantify mineral deposits in hFOB and mineralization of osteoblasts at day 15. (B) (i) The degradation properties of PEOT/PBT. (ii) Proliferation of hMSCs. (iii) ALP activity. (iv) Production of mineralized matrix. (C) (i) stress–strain curves (a) Young’s modulus (b), tensile strength (c). (ii) Semi-quantitative measurements of ARS tests and ALP assay. (iii) H&E and Masson’s trichrome staining of scaffolds. (A) (i–iii) Reproduced with permission from Ref. [113]. Copyright 2018 Elsevier B.V. All rights reserved. (B) (i–iv). Reproduced with permission from Ref. [115]. Copyright 2018 Oxford University Press. (C) (i–iii) Reproduced with permission from Ref. [116]. Copyright 2018 Elsevier B.V. 
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Table 1. Summarized results of composite nanofibers containing different types of inorganic NMs.
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	Type
	Materials
	Method
	Notable results
	Application
	Ref



	Pure inorganic materials
	TEOS/PVA

PLA/gel
	Electrospinning
	Osteogenesis↑

Angiogenesis↑
	Bone
	[64]



	Pure inorganic materials
	Bioactive glass
	Electrospinning
	Osteogenesis↑

Osteoclast formation↓

Angiogenesis↑
	Bone
	[68]



	Pure inorganic materials
	YSZ/PVP etc
	Electrospinning
	Flexibility↑

Stiffness↑

Osteogenesis↑
	Bone
	[69]



	Pure inorganic materials
	TEOS

MgO
	Electrospinning
	Antimicrobial↑

Angiogenesis↑

Wound healing↑
	Skin
	[70]



	Pure inorganic materials
	Alginate, SiO2 nanofibers, metallic cations
	Electrospinning
	shape-memory↑

superelastic↑
	/
	[82]



	Pure inorganic materials
	TEOS, PVA, CA, chitosan
	Electrospinning
	biofunctionality↑

mechanical↑
	/
	[83]



	Pure inorganic materials
	TEOS/PVA

Chitosan, etc.
	Electrospinning
	Osteogenesis↑

Angiogenesis↑
	Bone
	[84]



	Pure inorganic materials
	TEOS

Ca(NO3)2.4H2O

PVB, etc.
	Sol-gel electrospinning

Freeze-drying technology
	Stiffness↑

elasticity↑

Biocompatibility↑

Biomineralization↑

Osteogenesis↑
	Bone
	[86]



	Organic/inorganic composites
	PCL/gel

Copper

Strontium, etc.
	Electrospinning
	Osteogenic↑

Angiogenic↑

Antibacterial↑
	Bone
	[94]



	Organic/inorganic composites
	PLCL/COL/Ag-HAp
	Electrospinning
	Antibacterial↑
	Bone
	[103]



	Organic/inorganic composites
	PCL/FHA
	Electrospinning
	Mechanical↑
	Bone
	[104]



	Organic/inorganic composites
	PCL/gel

MgO, etc.
	Electrospinning
	Antimicrobial↑

Angiogenesis↑

Wound healing↑
	Skin
	[106,107]



	Organic/inorganic composites
	PLA/gel

ZnO, etc.
	Electrospinning

Freeze-drying technology
	Water absorption↑

Air permeability↑

Antibacterial↑

Anti-inflammatory↑

Wound healing↑
	Skin
	[112]



	Organic/inorganic composites
	PCL

Nanosilicates, etc.
	Electrospinning
	Mechanical↑

Osteogenesis↑

Biomineralization↑

Ectopic bone formation↑
	Bone
	[116]
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
Power supply

__-»Taylor cone

Collector =.___

\

' 4
™
\
\
\
\

Fiber membrane

//Multiple jets High voltage
power supply

spinneret

Pedestal Polymer solution

electrostatic generator

3
% Solution distributor
: Positive pole

Collector
6

DC power supply

—
- - r Polymer solution %
Solution reservoirs g container 2

Negative pole
5

7

Vi

‘ Heater

N

Collector

un-charged Charged

Disc nozzle

V)

Power source






nav.xhtml


  nanomaterials-13-00204


  
    		
      nanomaterials-13-00204
    


  




  





media/file2.png
-~

@ Organic polymers
/

N, fura)

Tnorganic composition Pure inorganic nanofibres

. - 1288
A bioactive &
. metal ions
. Other j .
- Morganic
A

Organic composition

Application

I

Organic-inorganic composile nanofibres

Soft Tissue





media/file5.jpg





media/file3.jpg





media/file1.jpg
f-wme

et o o

—
R

Applcaion

© ot inoray v
TS Organceinerganic compasie anaires SolTissoe

Onsnc composition





media/file7.jpg





media/file10.png
Live Dead

Merged

0C4-30

Collagen II

FABP4

0 ng BMP-2

50 ng

BMP-2

100 ng BMP-2

B | $i0,-Ca0NFICS dispersion

Compression stress (kPa)™ "

-

Absorbance (a.u.)
(=]

e

o

Dry 8i0,-CaONFiCS8 scaffold  Hydrated scaffold

-a

Fruem-castlng

& freeze-drying

[°3
(=]

404

—CS |

—— 755i0,-25Ca0 NFICS
85Si0,-15Ca0 NFICS

304
204
104
04
0 20 40 60 80
Compression strain (%)
5
cs
2 I 855i0,-15Ca0 NFICS *k
94 I 4
.64 ol
i
1 H
3 2 ;

3 day

1 day 7 day

Loading
—_—
———

Unloading

—
-

O

» PLA/GolSIO--|

BPLAGeSIO-H

0 .
o el M A
N @O g0 i 0 -
P om0 et e 4 Dy 7 Day 14 Day e -
Control PLA/gel PLA/gel/SiO-M Control PLA/gel PLA/gel/SiO-M
| -
ANy e i b ™ -
o | S I ey o 2=
= -
[+ : ' |
Q ! |
=
-
100 pm 100 g 100 100 ym g F
| . Y gt :g;ﬁkﬁg*—_ e i
£ Lo o o 1 e e ~\ ot !
[F) r r 4 B 1 17
: ' |
=
@© g
300 100 am 700 um
= [ B
o [1Em 1 pat 4;fem
x 1 [
]
] [
= (¢
o ‘ “
| |
100 pm |} 100y {H Ho0/ym =






media/file12.png
Homaogenating
-

Freese-dryingd
Ihermo-crosslinking
.-

Short Nanofibers 30 nanofibrous Scaftold

5y
5 8- Z 041
3 s
= &) - ®) F E
= 20 20 1 2
g g
_‘E 15 z 15 o - o7 s e P ‘ﬁ# 0.0- pra
= = i ! 8 at e
£ 10 510 ,,,.6:_"“,.,,-1""?::_‘;!:_‘;1,“"&:.‘_.1”‘ _ﬁ,aa"a:,_.-l*_l.-u““ ‘.,-.:f:f.ﬁ"‘ﬁ;_a_::&‘"‘ ‘*aﬁlé""p;,d_ﬁg‘d
i 5 i L [ o Al L e A e
o™ o amwm
0 7 14 21 28 0 7 14 21 28 | | |
Time (Days) Time (Days) Coatral _ iaa0) 15%nZa0) 1%nZni) l.s-,_'.:hu
——0 wtde =25 witte —a-50wtte —=T75wt%
TS nucleus
™ o a0 ®)
S a C
Fis F4s
=3 =g
212 T 3
H E° ROS
o " j - @
R 2 —— 15 ,
E | £ ;2:'?'
?._ [ L o0F
£ 0 7 14 21 28 S 7 14 21 28
Time (Days) Time (Days) Merge
——25 wit% ~-5.0 wt*s 7.5 witto
i i [ PCL B PCL/CS iii @ PCL Control
== PCL mm PCL/CS 35-
40- EEPCL/MgO (90/10) mmm PCL-CS/MgO (90/10) [ PCL/MgO (90/10) [ PCL-CS/MgO (90/10) 150+ = sgt/(é:; (30!50;0/ o
“] CPCLUMGO (75/25) 3 PCL-CS/MgO (75/25) 30] [ PCLMgO (75/25) =] PCL-CSMgO (75/25) - POL csrugo Em‘zs;
— 4 A PCL/MgO (50/50 PCL-CS/M 50/50 i 3
3 354 @@ PCLMgO (50/50) T mEE PCL-CS/MgO (50/50) — gO ( ) g0 ( ) 125 [ PCL-CSMgO (50/50)
= i 25+
< 3.0 100

Ultimate Tensile Strength

Young's Modulus (MPa)
o

oL

Day 1 Day 2 Day 3






media/file9.jpg





media/file0.png





media/file14.png
ABSORBANCE INDEX

N
H

g

H

e
S TLACL

el

=Pl SPLACL IO
SPLACLSZaDiAy s PLACLSF a0l Ay

»
CULTURE TIME (DAYS)

o

»PLACLZ0SF

SPLUL *FLACLZs0
SPLACLSFIaONHAp  #PLACLSFLaOvHAp)

E & ¥

ABSORBANCE INDEX

H

=TCP =PLACL
S PLACLZn0/SF SPLACLSFZaOHAp  ®PLACLSFZ20HAp)
2800
. www
= 200
=
z xe ww
1
o 1500 www
-
=
=
-4
S 1000
=
-

Fraction W. Remaining

S~ *7_7_7» 7+, =

~&- PEOT/PBT/nSi

t,.: —57 hrs

— 4
J., b 4 — 7__‘;77—4
0.25
- PrOT/PBT
t,,: ~17.5 hrs
000 1 1 1 ¢
0 20 40 60 100 120
Time (h)
_. 400
2 B PEOT/PBT
B PEOT/PBT/nSI
-,E 300
e 200 'I'
o
O
N
"E 100 -
5]
S
Day 1 Day 3 Day 7
s iv 0.015
5 o410 T T
d £ 0010F
QQ o
8 3
© oos} o
(o]
0.005 [
0.00 & ¥
& ,\@“@ 0000 Day 7 Day 14 Day 21

Stress (MPa)

0.D. @ 540nm

(3]

60 ‘61,. T
— &1.0 @ 60
50 0% . s o
—1% \ S08 €50
~0.
401 5% ‘ 8 =
3 £ 40
30, — 10% 506 230
4
o 20
10 / _ﬂ 2
@02 =10
0 g 2 .
)20 s‘f'!;:a) B0 100 OO0 Gy % 5% 10% = U 0% 1% 5% 10%
rain
0.6 0.8
AR tests- 14 days ALP assay - 7 days "
05 .
0.6 |
0.4 .
4
0.3 ® 0.4
a
0.2- 3
© 2]
0.1-
0.0- 001710 0% 1% 5% 10%
- 0% 1% 5% 10%
Sample name Sample name

1 week

4 weeks

0%

10%

0%

10%

*fasson staining






media/file8.png
-
IV ... P Vi,
3 | ] A
391 . i
I d { o S=024Pa’ A <
a’ 284 snos g '°] g . «
T . ! / ° S
izm 084 / °o TR L
; ® «w0% M 4 s a [ e
: 3 i - { Py 1071 @ Ponpymetsons geis et 4%
184 o4 . 4 3 . Py on et
2 | 1 S=0041 xPa y. g Cobsnan by py e gon ' 43
10] ] oS 3 ,‘1 e el
10
1 { 024 ]
051  S0ooesetettttontsssstioettitingee | | e
° | L st :
B T e e R | e ————— I TN e — I e
° 10 20 30 40 80 o0 3 - % P o 200 M 1 2 H . 0.1 1 10 100
Compressive strain (%) Cycles Pressure (W Pa) Sold content (et )
B i

Compressed NFHs

Adding water

NFHs in syringe

N
NFHs with Mer

of 10 mm

Injecting

mm

inner diameter
of1

\‘I
N\

—
—
—
~

.

NFHs with 99.8 wt% of water content

o .

Compressed

Hydrated

— @ silicate-GelMA v
S 120 @ SI0, NP-PAM —
= @ CNT-GelMA | o ;
@ 100 nHAp-PEG
> Si0, NF-CS 2
80 !
60

Compression modul
P
(=]

e
(@ Cortrol < atteade NMSC o
"v \.u
S oot L5
20 iz .}‘ £‘4‘ )
0

.-{""\-

ﬁﬁﬁ

{A’gli

\)’\‘__ v\\
\'_'%

Masecn s
V.






media/file11.jpg





media/file6.png
Osteocblast
Osteoclast
Vascular Endothelial cells

Sr2+
Osteogenesis

Angiogenesis

Cu2+
—

Cu2*
Vasculogenesis

ADSC
= ..
RAW 264.7
hBMSC

B HUVEC

-

0\ sy /
mw\._,_. %%m
29| K
%2\ O/
B »e\.

(1 /

- Doped bioactive
glass nancofibers

Tubular and nodal

networks of HUVECs

vi

SHPIEE S PIPP

UONBJIUBDUDD)
493 aAleley

(1ex1d) yibue egny
S 8

§ 3

e

SR e

o’\

[ Number of Nodes  FZ25] Tube Length
(.4 -

Q Q o
=1 =1

mom.,_oz 4O JequInN

>

S1 82 83 S4 S5 S6

- Al

L L) Ll ® L
(s} (o] - o

ARy 41V aaneey

*hkk

Vi
S1 S2 83 S4 S5 S6

i

Eg

S w o w
o ;o . (=]
ealy pazijesaul
PaZl|jeuwON

£
E
g
@
Q
0

o o M ~ -
] a " -] o
() § pas upseziry

[ co 5*Cimin EE MW 5*Cimin B2 Bulk

Dy’
B Bulk

DayT Dayla
B3 MW 5°C/min

Dayi4

[ €O 5°C/min






