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Nanoscale bioactive glasses have been gaining attention due to their superior osteoconductivity when compared to conventional (micron-sized) bioactive glass materials. The combination of bioactive glass nanoparticles or nanofibers with polymeric systems enables the production of nanocomposites with potential to be used in a series of orthopedic applications, including tissue engineering and regenerative medicine. This review presents the state of art of the preparation of nanoscale bioactive glasses and corresponding composites with biocompatible polymers. The recent developments in the preparation methods of nano-sized bioactive glasses are reviewed, covering sol-gel routes, microemulsion techniques, gas phase synthesis method (flame spray synthesis), laser spinning, and electro-spinning. Then, examples of the preparation and properties of nanocomposites based on such inorganic bionanomaterials are presented, obtained using various polymer matrices, including polyesters such as poly(hydroxybutyrate), poly(lactic acid) and poly(caprolactone), and natural-based polymers such as polysaccharides (starch, chitin, chitosan) or proteins (silk, collagen).

The physico-chemical, mechanical, and biological advantages of incorporating nanoscale bioactive glasses in such biodegradable nanocomposites are discussed and the possibilities to expand the use of these materials in other nanotechnology concepts aimed to be used in different biomedical applications are also highlighted.

Introduction

Bioactive glasses of silicate composition, which were first developed by Hench and co-workers in 1969 [START_REF] Hench | Bonding mechanisms at the interface of ceramic prosthetic materials[END_REF], represent a group of surface reactive materials which are able to bond to bone in physiological environment [2]. Bioactive glasses most widely used in biomedical applications consist of a silicate network incorporating sodium, calcium and phosphorus in different relative proportions. The classical 45S5 bioactive glass composition universally known as Bioglass® (composition in wt%: 45% SiO 2 , 24.5% Na 2 O, 24.5% CaO and 6% P 2 O 5 ), for example, has approval of the US Food and Drug Administration (FDA) and is used in clinical treatments of periodontal diseases as bone filler as well as in middle ear surgery [2]. Other bioactive glass compositions contain no sodium or have additional elements incorporated in the silicate network such as fluorine, magnesium, strontium, iron, silver, boron, potassium or zinc [START_REF] Sepulveda | Characterization of melt-derived 45S5 and sol-gel-derived 58S bioactive glasses[END_REF][START_REF] Saravanapavan | Bioactivity of gel-glass powders in the CaO-SiO2 system: A comparison with ternary (CaO-P2O5-SiO2) and quaternary glasses (SiO2-CaO-P2O5-Na2O)[END_REF][START_REF] Oki | Preparation and in vitro bioactivity of zinc containing sol-gel-derived bioglass materials[END_REF][START_REF] Vallet-Regi | Effect of magnesium content on the in vitro bioactivity of CaO-MgO-SiO2-P2O5 sol-gel glasses[END_REF][START_REF] Liu | Bioactive borosilicate glass scaffolds: in vitro degradation and bioactivity behaviours[END_REF][START_REF] Lao | New strontium-based bioactive glasses: physicochemical reactivity and delivering capability of biologically active dissolution products[END_REF][START_REF] Varanasi | Enhanced osteocalcin expression by osteoblast-like cells (MC3T3-E1) exposed to bioactive coating glass (SiO2-CaO-P2O5-MgO-K2O-Na2O system) ions[END_REF].

Fabrication techniques for bioactive glasses include both traditional melting methods and sol-gel techniques [2][START_REF] Sepulveda | Characterization of melt-derived 45S5 and sol-gel-derived 58S bioactive glasses[END_REF][START_REF] Saravanapavan | Bioactivity of gel-glass powders in the CaO-SiO2 system: A comparison with ternary (CaO-P2O5-SiO2) and quaternary glasses (SiO2-CaO-P2O5-Na2O)[END_REF][START_REF] Li | An Investigation of Bioactive Glass Powders by Sol-Gel Processing[END_REF]. The typical feature common to all bioactive glasses, being melt or sol-gel derived, is the ability to interact with living tissue forming strong bonds to bone (and in some cases soft) tissue, a property commonly termed bioreactivity or bioactivity [2]. The bonding to bone is established by the precipitation of a calcium-deficient, carbonated apatite surface layer on the bioactive glass surface when in contact with relevant physiological fluid or during in vivo applications. It is now widely accepted that for establishing bond with bone, such biologically active apatite surface layer must form at the material/bone interface [2,[START_REF] Ducheyne | Bioglass coatings and bioglass composites as implant materials[END_REF].

The development of these bioactive apatite layers is the common characteristic of all known inorganic materials used for orthopedic implants, bone replacement and bone tissue engineering scaffolds [2,[START_REF] Rezwan | Biodegradable and bioactive porous polymer/inorganic composite scaffolds for bone tissue engineering[END_REF] Early applications of bioactive glasses were in the form of solid pieces for small bone replacement, i.e. in middle ear surgery [2]. Later, other clinical applications of bioactive glasses were proposed, for example in periodontology [START_REF] Zamet | Particulate bioglass (Perioglas(R)) in the treatment of periodontal intrabony defects[END_REF][START_REF] Gatti | Bone augmentation with bioactive glass in three cases of dental implant placement[END_REF], endodontology [START_REF] Zehnder | Preliminary evaluation of bioactive glass S53P4 as an endodontic medication in vitro[END_REF][START_REF] Waltimo | Fine-tuning of Bioactive Glass for Root Canal Disinfection[END_REF] or as coating on metallic orthopedic implants [START_REF] Gomez-Vega | Bioactive glass coatings with hydroxyapatite and Bioglass (R) particles on Ti-based implants. 1. Processing[END_REF][START_REF] Kitsugi | Bone-bonding behavior of plasma-sprayed coatings of Bioglass(R), AW-glass ceramic, and tricalcium phosphate on titanium alloy[END_REF]. More recently, great potential has been attributed to the application of bioactive glasses in tissue engineering and regenerative medicine [START_REF] Rezwan | Biodegradable and bioactive porous polymer/inorganic composite scaffolds for bone tissue engineering[END_REF][START_REF] Xynos | Bioglass (R) 45S5 stimulates osteoblast turnover and enhances bone formation in vitro: Implications and applications for bone tissue engineering[END_REF][START_REF] Yao | The effect of bioactive glass content on synthesis and bioactivity of composite poly(lactic-co-glycolic acid)/bioactive glass substrate for tissue engineering[END_REF][START_REF] Hench | Third-generation biomedical materials[END_REF][START_REF] Chen | 45S5 Bioglass (R)-derived glassceramic scaffolds for bone tissue engineering[END_REF]. Bone tissue engineering is one of the possible most exciting future clinical applications of bioactive glasses, e.g. to fabricate optimal scaffolds with osteogenic and angiogenic potential [START_REF] Chen | 45S5 Bioglass (R)-derived glassceramic scaffolds for bone tissue engineering[END_REF]. Both micronsized and nanoscale particles are considered in this application field, which includes also the fabrication of composite materials, e.g. combination of biodegradable polymers and bioactive glass [START_REF] Rezwan | Biodegradable and bioactive porous polymer/inorganic composite scaffolds for bone tissue engineering[END_REF][START_REF] Yao | The effect of bioactive glass content on synthesis and bioactivity of composite poly(lactic-co-glycolic acid)/bioactive glass substrate for tissue engineering[END_REF][START_REF] Mano | Bioinert, biodegradable and injectable polymeric matrix composites for hard tissue replacement: state of the art and recent developments[END_REF], as discussed in detail further below. Moreover the surface modification of such biodegradable composites with smart polymers allows to produce substrates in which biomineralization could be triggered by the action of external stimuli, such as temperature or pH [START_REF] Shi | Smart temperature-responsive biomineralization onto biodegradable polymeric substrates[END_REF][START_REF] Dias | pH responsive biomineralization onto chitosan grafted biodegradable substrates[END_REF]. In this context, bioactive silicate glasses exhibit several advantages in comparison to other bioactive ceramics, e.g. sintered hydroxyapatite.. For example, it has been demonstrated that dissolution products from bioactive glasses upregulate the expression of genes that control osteogenesis [START_REF] Xynos | Bioglass (R) 45S5 stimulates osteoblast turnover and enhances bone formation in vitro: Implications and applications for bone tissue engineering[END_REF], which explains the higher rate of bone formation in comparison to other inorganic ceramics such as hydroxyapatite [START_REF] Wheeler | Differential healing response of bone adjacent to porous implants coated with hydroxyapatite and 45S5 bioactive glass[END_REF]. Further studies using 45S5 Bioglass® particles have shown encouraging results regarding potential angiogenic effects of Bioglass®, i.e. increased secretion of vascular endothelial growth factor (VEGF) in vitro and enhancement of vascularisation in vivo [START_REF] Day | Assessment of polyglycolic acid mesh and bioactive glass for soft-tissue engineering scaffolds[END_REF][START_REF] Gorustovich | Effect of Bioactive Glasses on Angiogenesis: In-vitro and In-vivo Evidence[END_REF][START_REF] Leu | Proangiogenic potential of a collagen/bioactive glass substrate[END_REF]. In addition, the incorporation of specific ions in the silicate network, such as Ag and Zn, has been investigated in order to develop antibacterial materials [START_REF] Bellantone | Broad-spectrum bactericidal activity of Ag2O-doped bioactive glass[END_REF][START_REF] Vitale-Brovarone | 3D-glass-ceramic scaffolds with antibacterial properties for bone grafting[END_REF][START_REF] Haimi | Characterization of zinc-releasing three dimensional bioactive glass scaffolds and their effect on human adipose stem cell proliferation and osteogenic differentiation[END_REF]. Bioactive glasses can also serve as vehicle for the local delivery of selected ions which can act to control specific cell functions, for example Co addition to suppress cell hypoxia [START_REF] Azevedo | Novel hypoxia mimicking bioactive materials for tissue engineering[END_REF]. Bioactive glasses are also being considered as haemostatic agents. For example, Bioglass® has been shown to reduce the clotting time of blood by 25% in laboratory tests (Lee-White Coagulation), withionic release of calcium (Clotting factor IV) being considered a reason for its haemostatic properties. [START_REF] Ostomel | Spherical bioactive glass with enhanced rates of hydroxyapatite deposition and hemostatic activity[END_REF]. Moreover ferromagnetic bioactive glasses and glass-ceramics containing magnetite are being developed for hyperthermia treatment of cancer [START_REF] Bretcanu | Synthesis and characterization of coprecipitation-derived ferrimagnetic glass-ceramic[END_REF].

The range of bioactive glasses exhibiting these attractive properties has been extended over the years, in terms of both chemical composition and morphology, as new preparation methods have become available. In addition, all the specific effects and advantages of bioactive glasses mentioned above, including surface bioreactivity, can be enhanced or modified and controlled to a greater extent, if nanoparticles (or nanofibres) are available, as opposed to conventional micron-sized powders. This is relevant both for bioactive glasses used in particulate form as coatings in biomedical devices or as filler in composite materials, e.g. as biodegradable implants, dental fillers, tissue engineering scaffolds, tissue guidance membranes or drug delivery systems.

Bioactive glass/biodegradable polymer composite materials have emerged recently as new family of bioactive materials with applications ranging from structural implants to tissue engineering scaffolds [START_REF] Rezwan | Biodegradable and bioactive porous polymer/inorganic composite scaffolds for bone tissue engineering[END_REF]. These composites exploit the flexibility of polymers with the stiffness, strength and bioactive character of the bioactive glass fillers. So far, most work on this class of composites has been carried out using conventional (micronsize) bioactive glass particles as fillers (or coatings) [START_REF] Rezwan | Biodegradable and bioactive porous polymer/inorganic composite scaffolds for bone tissue engineering[END_REF]. However, recent research to be reviewed in this paper demonstrates the application of nano-sized bioactive glass particles and nanofibres (which have become available only in the last few years), in a range of novel composites with improved performance for biomedical applications, in particular tissue engineering and regenerative medicine.

Thus the topic of biodegradable/bioactive glass nanocomposites will be the subject of this review, which covers the available literature on production and characterization of nano-structured bioactive silicate glasses and their application in nanocomposites for biomedical applications. Section 2 discusses the key characteristics of nanoscale bioactive glasses. Different synthesis methods for bioactive glass nanoparticles and nanofibres are reviewed in Section 3. In Section 4, a comprehensive review of composite systems incorporating bioactive glass nanoparticles or nanofibres is presented while in Section 5 the state of the art is summarized and the scope for further research developments in the field is highlighted.

Characteristics of nanoscale bioactive glasses

A reduction in size to the nanometer scale of bioactive glass particles (or fibres) leads to a new family of nanostructured biomaterials which, combined with polymer matrices to form composites, are expected to exhibit enhanced performance in existing biomedical applications, leading also to new application opportunities. The higher specific surface area of nanoscale bioactive glasses allows not only for a faster release of ions but also a higher protein adsorption and thus enhanced bioactivity can be expected. There is evidence in the literature that faster deposition or mineralization of tissues such as bone or teeth is possible when these tissues are in contact with nanoscale particles, as opposed to micron-sized particles, considering that the bone structure exhibits nanoscale features consisting of a tailored mixture of collagen fibrils and hydroxyapatite nanocrystals [START_REF] Kay | Nanostructured polymer/nanophase ceramic composites enhance osteoblast and chondrocyte adhesion[END_REF][START_REF] Palin | Mimicking the nanofeatures of bone increases bone-forming cell adhesion and proliferation[END_REF]. Mimicking the nanofeatures of bone on the surface of a synthetic implant material, for example, has been shown to increase boneforming cell adhesion and proliferation [START_REF] Palin | Mimicking the nanofeatures of bone increases bone-forming cell adhesion and proliferation[END_REF]. These results have been obtained on TiO 2 and hydroxyapatite but the findings should be directly applicable to bioactive glasses too.

For bone tissue engineering purposes, where polymer/bioactive glass composite scaffolds are of great interest [START_REF] Rezwan | Biodegradable and bioactive porous polymer/inorganic composite scaffolds for bone tissue engineering[END_REF][START_REF] Yao | The effect of bioactive glass content on synthesis and bioactivity of composite poly(lactic-co-glycolic acid)/bioactive glass substrate for tissue engineering[END_REF][START_REF] Guarino | Bioactive scaffolds for bone and ligament tissue[END_REF], the use of nanoscale bioactive glasses is expected to improve both mechanical and biological properties of scaffolds. Not only the surface bioreactivity of nanoparticles is higher than that of m-size particles but also bioactive glass nanoparticles will induce nanostructured features on scaffold surfaces, which are likely to improve osteoblast cell attachment and subsequent cell behavior.

Other advantages of the reduced size of the inorganic particles include the possibility to use them to reinforce polymeric nanofibers, to process thin bioactive coatings or in injectable systems [START_REF] Alves | Designing biomaterials based on biomineralization of bone[END_REF].

Fabrication techniques for bioactive glass nanoparticles and nanofibres

In the last few years silicate bioactive glass nanoparticles and nanofibres have become available and they are starting to be used in a range of biomedical applications in combination with polymers, forming nanocomposites. The success of the work carried out so far and the potential applications of these novel materials have prompted the preparation of the present review. In this Section the processing methods to fabricate nanoscale bioactive glasses are discussed.

Sol-gel techniques

The sol-gel process has a long history of use for synthesis of silicate systems and other oxides and it has become a widely spread research field with high technological relevance, for example for the fabrication of thin films, coatings, nanoparticles and fibres [START_REF] Li | An Investigation of Bioactive Glass Powders by Sol-Gel Processing[END_REF][START_REF] Scherrer | Sol-Gel Science: The Physics and Chemistry of Sol-Gel[END_REF][START_REF] Xia | Preparation and characterization of nano-bioactiveglasses (NBG) by a quick alkali-mediated sol-gel method[END_REF][START_REF] Hong | Preparation and in vitro characterization of novel bioactive glass ceramic nanoparticles[END_REF]. As a typical liquid phase synthesis method, sol-gel usually involves the use of metal-organic precursors which are converted to inorganic materials either in water or in an organic solvent. The sol-gel synthesis of pure silica glass nanoparticles is well known [START_REF] Scherrer | Sol-Gel Science: The Physics and Chemistry of Sol-Gel[END_REF]. However silica nanoparticles are not considered to belong to the family of bioactive glasses [2] and they will not be discussed in detail in this review. Applications in the biomedical field for silica nanoparticles have been discussed in the literature (see for example refs. [START_REF] Huang | Highly efficient cellular labeling of mesoporous nanoparticles in human mesenchymal stem cells: implication for stem cell tracking[END_REF][START_REF] Lin | Well-ordered mesoporous silica nanoparticles as cell markers[END_REF][START_REF] Yap | Protein and cell micropatterning and its integration with micro/nanoparticles assembly[END_REF][START_REF] Veerapandian | The state of the art in biomaterials as nanobiopharmaceuticals[END_REF]).

The synthesis of specific silicate bioactive glasses by the sol-gel technique at low temperatures using metal alkoxides as precursors was shown in 1991 by Li et al. [START_REF] Li | An Investigation of Bioactive Glass Powders by Sol-Gel Processing[END_REF].

For the synthesis of bioactive glasses, typical precursors used are tetraethyl orthosilicate, calcium nitrate and triethylphosphate. After hydrolysis and polycondensation reactions a gel is formed which subsequently is calcined at 600-700°C to form the glass. Based on the preparation method, sol-gel derived products, e.g. thin films or particles, are highly porous exhibiting a high specific surface area [START_REF] Li | An Investigation of Bioactive Glass Powders by Sol-Gel Processing[END_REF][START_REF] Scherrer | Sol-Gel Science: The Physics and Chemistry of Sol-Gel[END_REF][START_REF] Veerapandian | The state of the art in biomaterials as nanobiopharmaceuticals[END_REF].

Recent work on fabricating bioactive silicate glass nanoparticles by sol-gel process has been carried out by Hong et al. [START_REF] Hong | Preparation of bioactive glass ceramic nanoparticles by combination of sol-gel and coprecipitation method[END_REF]. In their research, nanoscale bioactive glass particles were obtained by the combination of two steps; sol-gel route and coprecipitation method, wherein the mixture of precursors was hydrolyzed in acidic environment and condensed in alkaline condition separately, and then followed by a freeze-drying process. A schematic diagram about the improved sol-gel synthesis process developed by Hong et al. [START_REF] Hong | Preparation and in vitro characterization of novel bioactive glass ceramic nanoparticles[END_REF][START_REF] Hong | Preparation of bioactive glass ceramic nanoparticles by combination of sol-gel and coprecipitation method[END_REF] is presented in Figure 1. The morphology and size of bioactive glass nanoparticles could be tailored by varying the production conditions and the feeding ratio of reagents [START_REF] Couto | Development of bioactive and biodegradable chitosan-based injectable systems containing bioactive glass nanoparticles[END_REF][START_REF] Hong | Novel Rice-shaped Bioactive Glass Ceramic Nanoparticles[END_REF]. Figure 2 shows SEM micrographs of the produced nanoparticles with different shape and formulations.

It is important to control the surface morphology of the bioactive glass nanoparticles (NBG) in order to obtain the desired biological properties. Chen et al. [START_REF] Chen | Morphological control and in vitro bioactivity of nanoscale bioactive glasses[END_REF] investigated the effects of different morphologies on the in vitro bioactivity of nano-sized bioactive glass particles in the system CaO-P 2 O 5 -SiO 2 by using lactic acid (LA) in the sol-gel process. It was reported that the addition of lactic acid decreased the particles size of the bioactive glass nanoparticles as seen from TEM micrographs (Figure 3). The surface morphologies with narrow unimodal or bimodal pore distribution resulted in a significant improvement in the in vitro bioactivity of NBGs compared to that of a smooth surface. It was concluded that not only the specific surface area and the pore size but also the surface morphology play an important role in influencing the in vitro bioactivity of NBGs [START_REF] Chen | Morphological control and in vitro bioactivity of nanoscale bioactive glasses[END_REF]. Chen et al. [START_REF] Chen | Preparation and characterization of the sol-gel nanobioactive glasses modified by the coupling agent gammaaminopropyltriethoxysilane[END_REF] have also developed surface modified bioactive glass nanoparticles to improve their dispersibility by using a wet mechanical grinding technique. The particle size distribution of the sol-gel derived bioactive glass nanoparticles modified by a silane coupling agent was between 20 and 70 nm.

According to the FTIR and XPS results, silane chain covalently grafted onto the surface of nanoparticles. It was also reported that the layer of silane prevented the conglomeration behavior of sol-gel derived bioactive glass nanoparticles [START_REF] Chen | Preparation and characterization of the sol-gel nanobioactive glasses modified by the coupling agent gammaaminopropyltriethoxysilane[END_REF].

As mentioned above, different ions have been added to bioactive glasses, such as zinc, magnesium, zirconium, titanium, boron, and silver in order to improve the glass functionality and bioactivity. However, it is usually difficult to synthesize bioactive glasses in nano-size scale with addition of those ions. More recently, Delben et al. [START_REF] Delben | Synthesis and thermal properties of nanoparticles of bioactive glasses containing silver[END_REF] have developed sol-gel derived bioactive glass doped with silver with a mean particle size of 100 nm. It was reported that the Si-O-Si bond number increased with increasing silver concentration and this resulted in structural densification. It was also observed that quartz and metallic silver crystallization increased with the increase in silver content in bioactive glass while hydroxyapatite crystallization decreased [START_REF] Delben | Synthesis and thermal properties of nanoparticles of bioactive glasses containing silver[END_REF].

Sol-gel derived bioactive glass nanoparticles have also been used to coat different materials to combine good mechanical properties and high bioactivity in one material [53,54. Bioactive glass nanoparticle coating by sol-gel technique has been applied for example on the struts of porous HA by Esfahani et al. [START_REF] Esfahani | Nanostructured bioactive glass coating on porous hydroxyapatite scaffold for strength enhancement[END_REF] in order to improve the mechanical properties of the scaffold. It was shown that the compressive strength of scaffolds increased and a new crystalline phase was detected with the increase in sintering temperature. According to Esfahani et al. [START_REF] Esfahani | Nanostructured bioactive glass coating on porous hydroxyapatite scaffold for strength enhancement[END_REF] crystallization occurred in bioactive glass nanoparticles resulting in an improvement of the mechanical properties of the scaffolds.

For some applications, for example in tissue engineering scaffolds, it is advantageous to use anisotropic structures such as elongated particles or fibers. For this purpose, combinations of the sol-gel and electrospinning techniques have been developed [START_REF] Kim | Production and potential of bioactive glass nanofibers as a next-generation biomaterial[END_REF]. Additives such as polyvinyl butyral are necessary to adjust the rheological properties of the sol for electrospinning. Similarly to conventional sol-gel synthesis, sol-gel derived and electrospun fibers must be submitted to heat-treatment to remove organic additives. Electrospinning of sol-gel precursors can result in bioactive glass fibers with diameters < 100 nm [START_REF] Kim | Production and potential of bioactive glass nanofibers as a next-generation biomaterial[END_REF][START_REF] Xia | Fabrication and in vitro biomineralization of bioactive glass (BG) nanofibres[END_REF][START_REF] Lu | Electrospun submicron bioactive glass fibers for bone tissue scaffold[END_REF]. The diameter and the morphology of the nanofibres can be controlled to some extent by the amount and type of additive and the applied electric field. The resulting nanofibers, which are usually collected as mats, are flexible (due to their small diameter) and can be shaped into different morphologies being thus very attractive for tissue engineering scaffolds. However, individual fibres become fragile once immersed in simulated body fluid or when subjected to mineralization. Figure 4 shows scanning electron microscopy images of bioactive glass nanofibres prepared by electrospinning of a silicate sol, according to Xia et al. [START_REF] Xia | Fabrication and in vitro biomineralization of bioactive glass (BG) nanofibres[END_REF]. The distribution of the fiber diameter was reported to be between 50 and 110 nm, with average diameter 85 nm. More recently, Lu et al. [START_REF] Lu | Electrospun submicron bioactive glass fibers for bone tissue scaffold[END_REF] have developed bioactive glass nanofibres in the CaO-SiO 2 system (70S30C,70 mol% SiO 2 , 30 mol% CaO) by electrospinning method. A highly porous microstructure with interconnected macropores and mesopores was obtained in the nanofibrous scaffold (Figure 5). The mechanical properties of the scaffolds obtained from 70S30C nanofibers were measured by nanoindentation. It was found that the elastic modulus of the scaffold was close to that of trabecular bone [START_REF] Lu | Electrospun submicron bioactive glass fibers for bone tissue scaffold[END_REF].

There is wide agreement about the versatility of the sol-gel technique to synthesize inorganic materials and it has been shown to be suitable for production of a variety of nanoscale bioactive glasses, as discussed in this section. However, the method is also limited in terms of compositions that can be produced. Moreover remaining water or residual solvent content may result in complications of the method for the intended biomedical applications of the nanoparticles or nanofibres produced. Usually a high temperature calcination step is required to eliminate organics remnants. In addition, solgel processing is relatively time consuming and since it is not a continuous process, batch-to-batch variations may occur.

Microemulsion techniques

Microemulsion has been known as a suitable technique able to obtain inorganic particles with particle size in the range of nanometers with minimum agglomeration [START_REF] Pileni | The role of soft colloidal templates in controlling the size and shape of inorganic nanocrystals[END_REF]. Nanoparticles of oxides and carbonates have been successfully synthesized by microemulsion techniques [START_REF] Sun | Reverse microemulsion-directed synthesis of hydroxyapatite nanoparticles under hydrothermal conditions[END_REF][START_REF] Singh | Synthesis of nanocrystalline calcium phosphate in microemulsion-effect of nature of surfactants[END_REF][START_REF] Lim | Processing of fine hydroxyapatite powders via an inverse microemulsion route[END_REF][START_REF] Karagiozov | Synthesis of nano-sized particles from metal carbonates by the method of reversed mycelles[END_REF]. A microemulsion is a thermodynamically stable transparent, isotropic dispersion of two immiscible liquids such as water and oil stabilized by surfactant molecules at the water/oil interface. In water-in-oil microemulsions, nanosized water droplets are dispersed in the continuous hydrocarbon phase and surrounded by the monolayer of surfactant molecules [START_REF] Arriagada | Synthesis of nanosize silica in a nonionic water-in-oil microemulsion[END_REF].The size of the aqueous droplets is usually in the range 5 to 20 nm in diameter [START_REF] Lim | Processing of fine hydroxyapatite powders via an inverse microemulsion route[END_REF][START_REF] Paul | Microemulsions: An overview[END_REF]. These aqueous droplets act as a microreactor or nanoreactor in which reactions can take place when droplets containing the suitable reactants collide with each other. Precursor particles of hydroxide or oxalate are first formed in a microemulsion system. After drying and calcination of the precursor powder at an appropriate temperature, the desired oxide system is obtained. Microemulsion techniques are thus capable of delivering nanosized particles of organic and inorganic composition with minimum agglomeration since the reaction is taking place in nanosized domains. However, the main disadvantages of the microemulsion technique are the low production yield and the usage of a large amount of oil and surfactant phases. Although microemulsion techniques provide an alternative way to other production methods for synthesizing several types of inorganic and organic nanosized particles [START_REF] Lim | Processing of fine hydroxyapatite powders via an inverse microemulsion route[END_REF][START_REF] Lim | Formation of nanocrystalline hydroxyapatite in nonionic surfactant emulsions[END_REF][START_REF] Bose | Synthesis and characterization of hydroxyapatite nanopowders by emulsion technique[END_REF], to the authors' knowledge, only few reports are available on the synthesis of nanosized bioactive glass particles by this method. Zhao et al. [START_REF] Zhao | Preparation of bioactive nanoparticles in the system CaO-P 2 O 5 -SiO 2 using microemulsions[END_REF] for example synthesized bioactive nanoparticles in the system CaO-P 2 O 5 -SiO 2 by microemulsion method for bone tissue engineering scaffolds. Spherical amorphous particles were obtained with size in the 25-50 nm range. They reported that the diameter of the nanoparticles was related to the molar ratio of water to surfactant (γ) in water/oil emulsions. Water droplets were enlarged with the increase in the molar ratio of water to surfactant [START_REF] Zhao | Preparation of bioactive nanoparticles in the system CaO-P 2 O 5 -SiO 2 using microemulsions[END_REF].

Gas phase synthesis method (flame spray synthesis)

Gas phase synthesis uses metal-organic precursor compounds to produce nanoparticles at temperatures above 1000°C. The basic principle of all gas phase synthesis methods is the formation of molecular nuclei which is followed by condensation and coalescence inducing the subsequent growth of nanoparticles in high temperature regions during the process. The most decisive factor for the final particle size is the mean residence time of the particles in the high temperature regions. High cooling rates (>1000 K s -1 ) and short residence times (1 ms) enable the nanoparticle formation. In contrast to wet phase processes, gas phase synthesis allows generally higher production rates. One of the most successful gas phase synthesis methods is flame spray synthesis which is a well known process and it is applied since 1940. It was originally developed for manufacturing carbon black [START_REF] Pratsinis | Flame aerosol synthesis of ceramic powders[END_REF] and is nowadays used to produce megatons of silica and titania nanoparticles per year. An advantage of this process in comparison to other gas phase processes is that no additional source of energy for precursor conversion such as plasma, lasers or electrically heated walls is required. An adaptation of the process allowing the use of organic liquid precursors loaded with metals instead of gaseous precursors proved to be very successful [START_REF] Stark | Flame synthesis of nanocrystalline ceria-zirconia: effect of carrier liquid[END_REF][START_REF] Stark | Metal oxides prepared by flame spray pyrolysis[END_REF][START_REF] Stark | Metal delivery system for nanoparticle manufacture[END_REF].

In this process, the liquid precursor is dispersed by oxygen over a nozzle thereby forming a spray which is ignited. As the spray is burning, the organic constituents of the liquid precursor completely combust mainly to water and carbon dioxide and metal constituents oxidize to form the nanoparticles.

Several investigations have been carried out related to the flame spray process dynamics and there is understanding of the key variables involved and how they can be controlled to obtain nanoparticles of given size range and chemical composition [START_REF] Stark | Flame synthesis of nanocrystalline ceria-zirconia: effect of carrier liquid[END_REF][START_REF] Stark | Metal oxides prepared by flame spray pyrolysis[END_REF][START_REF] Stark | Metal delivery system for nanoparticle manufacture[END_REF][START_REF] Athanassiou | Chemical aerosol engineering as a novel tool for material science: from oxides to salt and metal nanoparticles[END_REF]. It has been shown that the metal carboxylate system is a very convenient precursor because it allows the synthesis of oxide nanoparticles of almost any composition [START_REF] Stark | Metal delivery system for nanoparticle manufacture[END_REF].

In addition, metal-organic salts are highly stable in air, tolerate humidity and most importantly they are fully miscible among each other. Consequently, the process allows the production of any kind of nanoparticulate mixed-oxides with high chemical homogeneity. Moreover, and depending on the composition, fast quenching after formation of the nanoparticles can preserve the amorphous state of the material [START_REF] Brunner | Glass and bioglass nanopowders by flame synthesis[END_REF][START_REF] Loher | Nanoscale Bioactive Silicate Glasses in Biomedical Applications[END_REF].

By using flame spray synthesis, therefore, the preparation of nanoparticles of different bioactive glass compositions has become possible. Mixtures of 2-ethylhexanoic acid salts of calcium and sodium, hexamethyldisiloxane, tributyl phosphate and fluorobenzene to introduce fluorine have been employed [START_REF] Brunner | Glass and bioglass nanopowders by flame synthesis[END_REF]. Figure 6 shows a schematic diagram of the flame spray synthesis process along with electron microscopy images of nanoparticulate bioactive glass prepared by flame spray synthesis [START_REF] Brunner | Glass and bioglass nanopowders by flame synthesis[END_REF][START_REF] Loher | Nanoscale Bioactive Silicate Glasses in Biomedical Applications[END_REF][75].

Furthermore, bismuth-2-ethylhexanoate has been used to add bismuth and to render bioactive glass nanoparticles radio-opaque [START_REF] Mohn | Radio-opaque nanosized bioactive glass for potential root canal application: Evaluation of radiopacity, bioactivity, and alkaline capacity[END_REF]. As a result of the process characteristics and parameters, the primary particles produced are spherically shaped with different degrees of agglomeration (see Figure 6). Primary particles have been shown to exhibit a log normal particle size distribution [START_REF] Dekkers | The self-preserving size distribution theory I. Effects of the Knudsen number on aerosol agglomerate growth[END_REF].

Laser spinning technique

Laser spinning has been developed for the production of glass fibres with diameters in the nanometre to micrometre scale [78]. In laser spinning technique, large quantities of nanofibres can be produced with specific, controllable chemical compositions without the necessity of any chemical additives or post heat treatments. The process is very fast; nanofibres are produced in several microseconds. The laser spinning technique essentially involves the quick heating and melting of a small volume of the precursor material up to high temperatures using a high power laser. At the same time, a supersonic gas jet is injected into the melt volume to blow the molten material [78][START_REF] Quintero | Experimental analysis of the production of micro-and nanofibres by Laser Spinning[END_REF][START_REF] Quintero | On the conditions to produce micro-and nanofibres by laser spinning[END_REF].

Following this, the molten material is quickly stretched and cooled by the supersonic gas jet [START_REF] Quintero | Laser spinning of bioactive glass nanofibers[END_REF]. Long fibres with extraordinary high length to diameter ratios can be produced by the elongation process of the viscous molten material. The obtained material is in amorphous form because of the high cooling speed. Quintero et al. [78] used the laser spinning technique for the production of glass fibres in different compositions. They developed glass fibres in the form of a disordered net of intertwined amorphous micro-and nanofibres. Several starting materials with different compositions and microstructures such as soda-lime silicate glasses, polycrystalline ceramics and natural rocks were successfully used to produce glass fibres. Following studies showed the capability of the laser spinning technique to synthesize very long fibres at high speeds under ambient conditions [START_REF] Quintero | Experimental analysis of the production of micro-and nanofibres by Laser Spinning[END_REF][START_REF] Quintero | On the conditions to produce micro-and nanofibres by laser spinning[END_REF]. More recently, Quintero et al.

[81] developed, to the authors' knowledge, the first bioactive glass nanofibers by the laser spinning technique. They produced bioactive glass nanofibers in the 45S5 Bioglass® and 52S4.6 compositions and investigated the possibility of using these nanofibers as scaffolds or as reinforcement in polymeric matrix composites. Disordered meshes of intertwined fibers with average diameter in the range 200-300 nm were obtained. The amorphous structure of the produced glass nanofibers was investigated by means of transmission electron microscopy (TEM). It was found that microstructure and composition of the precursor material had no influence on the amorphous structure of the fibers. The composition of the produced fibers was determined by means of both Xray fluorescence (XRF) and magic angle spinning NMR (MAS-NMR) in order to determine whether or not they maintained the same chemical composition as the precursor glass. The results indicated that there were slight differences in compositions between bulk and fiber glasses. Bioactivity test results showed that the nanofibers were covered by a foamy and porous layer of amorphous calcium phosphate after immersion in SBF for 5 days. Energy dispersive X-ray spectroscopy (EDS) and selected area electron diffraction (SAED) TEM analyses also confirmed the bioactivity of the produced glass nanofibers. Consequently, the laser spinning technique was demonstrated to be a very effective method to produce bioactive glass nanofibers in desired compositions and this novel technique represents a promising alternative for the fabrication of nanofibers to be used in polymer nanocomposites [START_REF] Quintero | Laser spinning of bioactive glass nanofibers[END_REF].

Composites containing nanoscaled bioactive glass

General characteristics of bioactive nanocomposites

The combination of biodegradable polymers and bioactive ceramics (and glasses) results in a new group of composite materials for applications as temporary orthopedic implants, bone filler materials or as 3D biocompatible scaffolds in the field of tissue engineering [START_REF] Rezwan | Biodegradable and bioactive porous polymer/inorganic composite scaffolds for bone tissue engineering[END_REF][START_REF] Guarino | Bioactive scaffolds for bone and ligament tissue[END_REF]. The goal of these composite materials is to impart strength and bioactivity by an inorganic bioactive filler while keeping the positive properties of the polymer such as flexibility and capacity to deform under loads. The application of this class of composites in tissue engineering has been reviewed [START_REF] Rezwan | Biodegradable and bioactive porous polymer/inorganic composite scaffolds for bone tissue engineering[END_REF][START_REF] Guarino | Bioactive scaffolds for bone and ligament tissue[END_REF].

Inorganic phases can be added to different polymer matrices in the form of micron sized or nanoscale particles or fibres. The size of the filler particles is an important parameter that affects the effective mechanical properties of composite materials. This is due to marked microstructural differences introduced by the micron sized or nanoscale fillers that contribute towards different interactions between the filler particles and the polymer matrix. |For example, the introduction of nanoscale fillers with desired morphology usually increases the mechanical strength and stiffness of composites in comparison to the properties of the neat polymer and of composites with micron-size reinforcement [START_REF] Koo | Polymer Nanocomposites[END_REF]. The use of nanoscale degradable fillers such as bioactive glass or calcium phosphate nanoparticles should lead therefore to improved orthopedic implants and tissue engineering scaffolds. Additionally, in the case of bioactive silicate glass nanoparticles, they can produce a higher alkalinity when compared to commercially available (μm-sized) 45S5 Bioglass® [START_REF] Vollenweider | Remineralization of human dentin using ultrafine bioactive glass particles[END_REF]. This effect could buffer to a greater extent the acidic degradation of some polymers, e.g. polylactic acid, when nanoscale bioactive glass particles are used as filler in a composite.

The larger specific surface area of the nanoparticles should lead also to increased interface effects and it should contribute to improved bioactivity, when compared to standard (μm-sized) particles. Moreover, the use of nanoparticles in a polymeric matrix mimics more closely the structure of natural bone, which contains nanoscale hydroxyapatite crystallites combined with the polymeric phase of collagen, being responsible for the desirable mechanical properties of bone. In this context, Webster et al. [START_REF] Webster | Osteoblast adhesion on nanophase ceramics[END_REF] have reported that a significant increase in protein adsorption and osteoblast adhesion has been observed on nanoscale ceramic materials compared to micron-sized ceramic materials and composites. Related results were achieved by Loher et al. [START_REF] Loher | Improved degradation and bioactivity of amorphous aerosol derived tricalcium phosphate nanoparticles in poly(lactide-co-glycolide)[END_REF] who demonstrated that bioactivity, degradation rate and mechanical properties of PLGA doped with nanoscale amorphous calcium phosphate are strongly improved with addition of nanoscale amorphous calcium phosphate particles when compared to the pure polymer [START_REF] Loher | Improved degradation and bioactivity of amorphous aerosol derived tricalcium phosphate nanoparticles in poly(lactide-co-glycolide)[END_REF].

In the following sections, a review of nanocomposite systems comprising nanoscale bioactive glass (nanoparticles or nanofibres) and biodegradable polymers is presented, focusing mainly on materials developed for bone regeneration strategies and tissue engineering.

Poly(3hydroxybutyrate) (P(3HB))/nanoparticulate bioactive glass composites

Recently, Misra et al. [START_REF] Misra | Comparison of nanoscale and microscale bioactive glass on the properties of P(3HB)/Bioglass(R) composites[END_REF] have described the successful preparation of poly(3hydroxybutyrate) (P(3HB))/nanoparticulate bioactive glass composites with different filler concentrations by solvent casting. The thermal, mechanical and microstructural properties of these new composites were compared to their counterpart fabricated with micron-sized bioactive glass. Similarly to other studies in the literature [START_REF] Loher | Improved degradation and bioactivity of amorphous aerosol derived tricalcium phosphate nanoparticles in poly(lactide-co-glycolide)[END_REF], the addition of nanoparticles was shown to have a significant stiffening effect on the composite modulus, as shown in Figure 7.

It has been also shown [START_REF] Misra | Comparison of nanoscale and microscale bioactive glass on the properties of P(3HB)/Bioglass(R) composites[END_REF], that systematic addition of bioactive glass nanoparticles induced a nanostructured topography on the surface of the composites, which was not visible on their micron-sized bioactive glass particle containing counterparts. This surface effect induced by the nanoparticles considerably improved total protein adsorption compared to the unfilled polymer and the composites containing micronsized bioactive glass particles. An in vitro degradation study (30 days) in simulated body fluid (SBF) showed a high level of bioactivity as well as higher water absorption for the nanoparticle containing composites. Furthermore, a preliminary cell proliferation study using osteoblast-like cells demonstrated the good cytocompatibility of the P(3HB)/bioactive glass composite systems [START_REF] Misra | Comparison of nanoscale and microscale bioactive glass on the properties of P(3HB)/Bioglass(R) composites[END_REF]. Misra et al. [START_REF] Misra | Effect of nanoparticulate bioactive glass particles on bioactivity and cytocompatibility of poly(3-hydroxybutyrate) composites[END_REF] have also investigated in detail the effect of the addition of bioactive glass nanoparticules on the bioactivity, degradation and in vitro cytocompatability of P(3HB)/nanoparticulate bioactive glass composites prepared by solvent casting technique. It was reported [START_REF] Misra | Effect of nanoparticulate bioactive glass particles on bioactivity and cytocompatibility of poly(3-hydroxybutyrate) composites[END_REF] that the ALP activity of MG-63 cells on nanoparticulate bioactive glass/P(3HB) composites was considerably higher than on the control surface. SEM micrographs of MG-63 cells attached on the surfaces of P(3HB) composites in Figure 8 show the cell morphology and the cell attachment to the substrates between days 4 and 7. There were no visible qualitative differences in the attachment of cells between the neat polymeric and composite samples. The cytocompatibility study (cell proliferation, cell attachment, alkaline phosphatase activity and osteocalcin production) using human MG-63 osteoblast-like cells in osteogenic and non-osteogenic medium showed the superiority of the composite substrates containing bioactive glass nanoparticles for the intended application in tissue engineering [START_REF] Misra | Effect of nanoparticulate bioactive glass particles on bioactivity and cytocompatibility of poly(3-hydroxybutyrate) composites[END_REF].

Zheng et al [START_REF] Zheng | Investigation on the Porous Biomaterial for Bone Reconstruction with Addition of Biomimetic Nano-Sized Inorganic Particles[END_REF] have used another member of the PHA family, i.e. poly (hydroxybutyrate-2-co-2-hydroxyvalerate) (PHBV), to develop porous nanocomposites combining the polymer with biomimetically synthesized nano-sized bioactive glass (BMBG) particles in the system CaO-P 2 O 5 -SiO 2 . Figures 9a,b are SEM images of the pore structure of the developed composites. The authors reported porosites > 90% indicating that the composite contained a great amount of interconnected pores [START_REF] Zheng | Investigation on the Porous Biomaterial for Bone Reconstruction with Addition of Biomimetic Nano-Sized Inorganic Particles[END_REF].

The composites were shown to be bioactive as hydroxyl-carbonate-apatite (HCA) formed on the surface of specimens immersed in SBF for 8 hours (Fig. 9c) and further HCA development occurred after 24 hours in SBF (Fig. 9d). The study of cell attachment on the porous PHBV/BMBG composite indicated that the material has satisfactory bioactivity, bio-mineralization function and cell biocompatibility [START_REF] Zheng | Investigation on the Porous Biomaterial for Bone Reconstruction with Addition of Biomimetic Nano-Sized Inorganic Particles[END_REF].

Poly(L-lactic acid) (PLLA)/bioactive glass nanocomposites

Hong et al. [START_REF] Hong | Preparation and in vitro characterization of novel bioactive glass ceramic nanoparticles[END_REF] have investigated a new family of composites combining poly(Llactic acid) as biodegradable polymer and sol-gel derived bioactive glass-ceramic (BGC) nanoparticles. 3D porous scaffolds were prepared by thermally-induced phaseseparation combining poly(L-lactic acid) and different concentrations of BGC nanoparticles. The representative structure and porosity of such foams are depicted in Figure 10. The in vitro studies showed that composites containing BGC nanoparticles with lower phosphorous and higher silicon content have better bioactivity than that of the BGC with lower silicon and higher phosphorous content [START_REF] Hong | Preparation and in vitro characterization of novel bioactive glass ceramic nanoparticles[END_REF]. Hong et al. [START_REF] Hong | Preparation and in vitro characterization of scaffolds of poly(l-lactic acid) containing bioactive glass ceramic nanoparticles[END_REF] have also studied the effect of nanoparticulate bioactive glass-ceramic content on the properties of nanocomposite scaffolds, in which an improvement of the mechanical properties could be detected. More recently, El-Kady et al. [START_REF] El-Kady | Development, characterization, and in vitro bioactivity studies of sol-gel bioactive glass/poly(L-lactide) nanocomposite scaffolds[END_REF] have developed sol-gel derived bioactive glass nanoparticles/poly(L-lactide) (PLA) composites by using solidliquid phase separation method combined with solvent extraction. They used a modified alkali-mediated sol-gel route to obtain bioactive glass nanoparticles. The modified solgel method resulted in reduction of the gelation time to about a minute rather than days as in the traditional sol-gel process. Furthermore, fast gelation prevented the aggregation and growth of colloidal particles to sizes larger than 100 nm. The proposed method [START_REF] El-Kady | Development, characterization, and in vitro bioactivity studies of sol-gel bioactive glass/poly(L-lactide) nanocomposite scaffolds[END_REF] is thus capable of delivering nanoparticles of sizes less than 100 nm with minimum agglomeration. It was reported that the scaffold's pore size decreased with the increase in the glass nanoparticles content. The in vitro studies revealed that the addition of bioactive glass nanoparticles improved the bioactivity of the scaffolds [START_REF] El-Kady | Development, characterization, and in vitro bioactivity studies of sol-gel bioactive glass/poly(L-lactide) nanocomposite scaffolds[END_REF].

During the preparation of this type of nanocomposites, it is possible that nanoparticles aggregate in the matrix because of their incompatibility with the biopolymer used, resulting in a deterioration of the composite mechanical properties. A new approach has been reported by Liu et al. [START_REF] Liu | Surface modification of bioactive glass nanoparticles and the mechanical and biological properties of poly(L-lactide) composites[END_REF][START_REF] Liu | Novel Composites Of Poly(L-Lactide) And Surface Modified Bioactive SiO 2 -CaO-P 2 O 5 Gel Nanoparticles: Mechanical And Biological Properties[END_REF] to improve the mechanical properties of nanoparticulate bioactive glass/PLLA composites. It was shown that surface modification of nano-sized bioactive glass particles by grafting organic molecules or polymers is a convenient solution to improve the mechanical properties of the composites. The modification induces the formation of a buffer layer between the nanoparticulate bioactive glass and the polymer matrix, which improves the dispersion of the nano-sized particles within the matrix without any agglomeration. This results in a significant improvement of the final mechanical properties of the composite materials [START_REF] Liu | Surface modification of bioactive glass nanoparticles and the mechanical and biological properties of poly(L-lactide) composites[END_REF][START_REF] Liu | Novel Composites Of Poly(L-Lactide) And Surface Modified Bioactive SiO 2 -CaO-P 2 O 5 Gel Nanoparticles: Mechanical And Biological Properties[END_REF]. Liu et al. [START_REF] Liu | Surface modification of bioactive glass nanoparticles and the mechanical and biological properties of poly(L-lactide) composites[END_REF] developed surface modified bioactive glass nanoparticles/poly(L-lactide) (PLLA) composites by using solvent evaporation technique. Low-molecular-weight PLLA was grafted onto the surface of the sol-gel derived bioactive glass nano-particles by diisocyanate and the ring-opening polymerization of the L-lactide [START_REF] Liu | Novel Composites Of Poly(L-Lactide) And Surface Modified Bioactive SiO 2 -CaO-P 2 O 5 Gel Nanoparticles: Mechanical And Biological Properties[END_REF]. They reported that the mechanical properties of the surface modified bioactive glass/PLLA composites were better than those of the nonmodified bioactive glass/PLLA composites [START_REF] Liu | Surface modification of bioactive glass nanoparticles and the mechanical and biological properties of poly(L-lactide) composites[END_REF][START_REF] Liu | Novel Composites Of Poly(L-Lactide) And Surface Modified Bioactive SiO 2 -CaO-P 2 O 5 Gel Nanoparticles: Mechanical And Biological Properties[END_REF]. The morphology of fracture surfaces of composites containing modified and non-modified bioactive glass nanoparticles were compared and linked to the different fracture properties of the composites. It was reported that the roughness of fracture surfaces of composites with modified nanoparticles decreased compared with the non-modified ones. For example, Figure 11 shows SEM micrographs of fracture surfaces of PLLA/bioactive glass nanocomposites containing modified and non-modified nanoparticles in two different concentrations (4 wt.% and 20 wt.%) [START_REF] Liu | Surface modification of bioactive glass nanoparticles and the mechanical and biological properties of poly(L-lactide) composites[END_REF]. Nanoparticle aggregation in composites with modified nanoparticles was not observed in contrast to composites containing nonmodified bioactive glass particles, due to the improvement of the phase compatibility between the modified nanoparticles and PLLA matrix. Furthermore, the surface modified bioactive glass nanoparticles were seen to act as nucleation sites improving the degree of crystallization of the matrix. The composites were shown to be bioactive as a calcium phosphate layer formed on the surfaces upon immersion in SBF. It was also demonstrated that surface modified bioactive glass/PLLA composites exhibited much better cell proliferation ability than non-modified bioactive glass/PLLA composites and pure PLLA [START_REF] Liu | Surface modification of bioactive glass nanoparticles and the mechanical and biological properties of poly(L-lactide) composites[END_REF][START_REF] Liu | Novel Composites Of Poly(L-Lactide) And Surface Modified Bioactive SiO 2 -CaO-P 2 O 5 Gel Nanoparticles: Mechanical And Biological Properties[END_REF].

Natural polymer / bioactive glass nanocomposites

Besides synthetic polymers discussed above, natural-based materials such as polysaccharides (starch, chitin, chitosan) or proteins (silk, collagen) can be used as polymer matrices to prepare nanocomposites. Peter et al. [START_REF] Peter | Development of novel a-chitin/nanobioactive glass ceramic composite scaffolds for tissue engineering applications[END_REF][START_REF] Peter | Nanocomposite scaffolds of bioactive glass ceramic nanoparticles disseminated chitosan matrix for tissue engineering applications[END_REF] have synthesized αchitin/sol-gel derived bioactive glass ceramic nanoparticle and chitosan/ sol-gel derived bioactive glass ceramic nanoparticle composite scaffolds by using lyophilization technique. They developed macroporous composite scaffolds with pore size in the range 150-500 µm [START_REF] Peter | Nanocomposite scaffolds of bioactive glass ceramic nanoparticles disseminated chitosan matrix for tissue engineering applications[END_REF] The developed composite scaffolds demonstrated adequate swelling and degradation with the addition of nano-sized bioactive glass-ceramic particles. In vitro studies showed the deposition of apatite on the surface of the composite scaffolds, indicating the bioactive nature of the composite scaffolds. The investigation of the in vitro behaviour considering osteoblast-like cells (MG-63) indicated that cells attached on the pore walls of the scaffolds and showed initial signs of spreading [START_REF] Peter | Development of novel a-chitin/nanobioactive glass ceramic composite scaffolds for tissue engineering applications[END_REF][START_REF] Peter | Nanocomposite scaffolds of bioactive glass ceramic nanoparticles disseminated chitosan matrix for tissue engineering applications[END_REF].

Wang et al. [START_REF] Wang | Development and characterization of novel biomimetic composite scaffolds based on bioglass-collagen-hyaluronicacidphosphatidylserine for tissue engineering applications[END_REF] developed a new porous bioactive nanocomposite composed of solgel derived bioactive glass nanoparticles (BG), collagen (COL), hyaluronic acid (HYA) and phosphatidylserine (PS) by a combination of sol-gel and freeze-drying methods.

They also synthesized a bioactive nanocomposite by crosslinking collagen and HYA by using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and Nhydroxysuccinimide (NHS). After crosslinking, the structure of BG-COL-HYA-PS scaffolds became more ordered and channel pores preferentially aligned. The scaffolds were seen to be highly porous with pore size in the range 100-400 µm. It was reported that biomineralization and degradation in SBF, and mechanical strength of the EDC/NHS-crosslinked BG-COL-HA-PS composite scaffolds were better than those of the scaffolds without HYA, PS, and crosslinking process. PS and HYA play an important role in the regulation of the biomineralization process, inducing HA to precipitate on the surface of the composites. Further in vitro cell culture studies demonstrated that MC3T3-E1 cells attached and spread on the surface of crosslinked BG-COLHYA-PS scaffolds indicating the biocompatibility of the nanocomposite [START_REF] Wang | Development and characterization of novel biomimetic composite scaffolds based on bioglass-collagen-hyaluronicacidphosphatidylserine for tissue engineering applications[END_REF].

Xie et al. [START_REF] Xie | A novel nanocomposite and its application in repairing bone defects[END_REF] have investigated the in vivo bone regeneration ability of the EDC/NHScrosslinked BG-COL-HA-PS composite scaffolds using a rabbit radius defect model.

After implantation, radiological, histological and micro-CT studies were conducted at 2, 4 and 8 weeks. Ectopic bone formation was also investigated in a rat model. X-ray and histological studies showed the ability of bone regeneration for both nanocomposites and for nanocomposites combined with growth factors (BMP). However, the bone defect was covered with new bone only in the nanocomposites grafted with BMP at 8 weeks. Moreover, the nanocomposite combined with BMP showed a better ability of ectopic bone formation compared with the composites without BMP [START_REF] Xie | A novel nanocomposite and its application in repairing bone defects[END_REF].

More recently, Couto et al. [START_REF] Couto | Nanostructured Multilayer Coatings Combining Chitosan with Bioactive Glass Nanoparticles[END_REF] have developed chitosan and bioactive glass nanoparticle multilayer coatings by a well developed sequential deposition method, also known as layer-by-layer (LbL) technique. SEM observations revealed that the spherical nanoparticles with sizes that varied from 30 to 100 nm homogeneously dispersed on the surface of the multilayered coatings. Chitosan provided viscoelastic properties to the final coating, while the bioactive glass provided bioactivity for the organic-inorganic structure. In vitro studies indicated that the conceived multilayers induced the formation of apatite on a marker of bioactive behavior. This work clearly showed that LbL technique can be applied to coat different prosthetic devices for orthopaedic application or scaffolds for bone tissue engineering [START_REF] Couto | Nanostructured Multilayer Coatings Combining Chitosan with Bioactive Glass Nanoparticles[END_REF].

Bioactive nanocomposites containing bioactive glass nanofibres

Recently, a series of composites of various morphologies, such as fibrous membranes and 3D porous scaffolds, are being developed by compounding polymers and bioactive glass nanofibre (BGNF). Kim et al. [START_REF] Kim | Production and potential of bioactive glass nanofibers as a next-generation biomaterial[END_REF] were the first to develop a composite of PLA filled with sol-gel-derived bioactive glass as a nanoscale composite fiber by means of electrospinning (ES). Nanocomposites with a dense nanofibrous network were achieved. It was observed that glass nanofibers were uniformly dispersed in the PLA matrix [START_REF] Kim | Production and potential of bioactive glass nanofibers as a next-generation biomaterial[END_REF]. The in vitro bioactivity and osteoblast responses of the developed nanocomposites were also studied by Kim et al. [START_REF] Kim | Bioactivity and osteoblast responses of novel biomedical nanocomposites of bioactive glass nanofiber filled poly(lactic acid)[END_REF]. The nanocomposites showed excellent bioactivity, inducing CaP precipitation within 24 h of immersion in SBF. It was also reported that the osteoblast response of the nanocomposites was significantly improved as the amount of bioactive nanofibers increased [START_REF] Kim | Bioactivity and osteoblast responses of novel biomedical nanocomposites of bioactive glass nanofiber filled poly(lactic acid)[END_REF]. Kim et al.

[100] also developed BGNF-collagen nanocomposite both in the form of a thin membrane and as macroporous scaffold. SEM investigations revealed the similar composite microstructure of both membranes and porous scaffolds with uniformly distributed BGNF in the collagen matrix (Figure 12). TEM studies showed that both BGNF and collagen were in the nanoscale. BGNF-collagen nanocomposites exhibited The introduction of bioactive glass nanofibres as filler in biodegradable polymers adds therefore interesting features and represents a promising step towards the development of improved biomaterials for bone regeneration as well as engineered scaffolds for tissue engineering applications. More research is indeed required to exploit the novel properties of these composites, in different morphologies, for a variety of applications in hard tissue regeneration and bone tissue engineering.

Conclusions

The preparation of bioactive glasses in nanoparticle and nanofibre form has recently become feasible by advances in wet and dry synthesis methods. Nanoscale particulate and nanofibre bioactive glasses have shown advantages over conventional (micronsized) bioactive glasses due to their large surface area and enhanced solubility as well as reactivity coupled with the possibility to induce nanotopographic surface features in composite materials. These nanomaterials have also inspired researchers to investigate new applications of bioactive glasses in biomedical engineering. Their clinical effectiveness, however, still needs to be tested and fully validated in in vivo experiments. The great potential of nanometric bioactive glass systems lies not only in the field of bone tissue engineering but also in dentistry, for example in dentin regeneration and in the reconstruction of critical bone defects as well as in osteochondral and cartilage regeneration. The works reviewed in the present paper show that the development of composite materials combining biodegradable polymers (synthetic and natural) with nanoscale bioactive glass particles or fibres is emerging as a powerful approach toward 3 rd generation bioactive materials and the biomedical applications of these novel materials are bound to expand. Substantial advantages of these systems compared to conventional (m-scale) bioactive glass containing composites are being demonstrated, as review in this paper. The possibility of processing such inorganic nanostructured bioactive materials will also permit to use them in more sophisticated concepts such as in the spatial control at the micro/nanolevels of bioactivity of surfaces, injectable osteoconductive biomaterials, thin coatings and films or self-assembling osteoconductive nanobiomaterials. Scale bar, 100 mm. [START_REF] Misra | Effect of nanoparticulate bioactive glass particles on bioactivity and cytocompatibility of poly(3-hydroxybutyrate) composites[END_REF] (Reproduced from ref. [START_REF] Misra | Effect of nanoparticulate bioactive glass particles on bioactivity and cytocompatibility of poly(3-hydroxybutyrate) composites[END_REF] with permission of the Royal Society, UK) (Reprinted from ref. [START_REF] Zheng | Investigation on the Porous Biomaterial for Bone Reconstruction with Addition of Biomimetic Nano-Sized Inorganic Particles[END_REF] with permission of Trans Tech Publications) [91] with permission of Elsevier). 
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  high bioactivity, assessed by the rapid formation of bone-like apatite minerals on their surfaces when immersed in SBF. It was also observed that the nanocomposites assisted the adhesion and growth of human osteoblast-like cells in vitro [100]. Lee et al. [101] produced poly(e-caprolactone) (PCL)/sol-gel derived BGNF nanocomposite in a thin membrane form. The glass nanofibrous were distributed well within the PLC matrix, showing a much rougher surface than the pure PCL. In vitro studies showed that the precipitated apatite covered the surface of the nanocomposite membrane almost completely after immersion inSBF for 14 days. Osteoblastic cells (MC3T3-E1) on the nanocomposite membrane spred better and grew actively with many cytoplasmic extensions, showing improved proliferation behavior than those on the pure PCL membrane [101]. More recently, Jo et al. [102] have fabricated (PCL)/solgel derived BGNF composites and investigated their biocompatibility and mechanical properties in comparison with composites containing the microparticulate form of bioactive glass. Nano-sized bioactive glass fibers were uniformly distributed in the polymer matrix as a result of their uniform shape and size, in contrast to the micronsized bioactive glass fibers. This microstructure resulted in a significant improvement of the biological and mechanical properties of the PCL/BGNF composites, compared to that of the micron-sized ones. In Figure 13, the elastic modulus of the PCL/BGP and PCL/BGNF composites are compared with those of the PCL control, indicating the superior elastic modulus of the nanocomposites. Furthermore, in vivo animal test results revealed the good biocompatibility of the PCL/BGNF composite and its boneforming ability was demonstrated when implanted in a calvarial bone defect [102].

Figure 1 .

 1 Figure1. Schematic diagram for the sol-gel synthesis process of bioactive glass nanoparticle. Drafted according to the methods described in ref.[START_REF] Hong | Preparation and in vitro characterization of novel bioactive glass ceramic nanoparticles[END_REF][START_REF] Hong | Preparation of bioactive glass ceramic nanoparticles by combination of sol-gel and coprecipitation method[END_REF].

Figure 2 .

 2 Figure 2. SEM micrographs of bioactive glass nanoparticles with different shape and composition. (A) Spherical bioactive glass nanoparticles with the formulation SiO:P 2 O 5 :CaO = 55:40:5 (mol). (Reproduced from ref. [48] with permission of Elsevier). (B) Rice-shaped bioactive glass nanoparticles with the formulation SiO:P 2 O 5 :CaO = 6:74:20 (mol). Scale bars are 500nm.

Figure 3 .

 3 Figure 3. TEM images of bioactive glass nanoparticles obtained without LA (A), with LA/TEOS:0.005 (mol%) (B), LA/TEOS:0.01 (mol%) (C), and with LA/TEOS:0.03 (mol%) (D). (Reprinted from ref. [50] with permission of Elsevier).
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 45 Figure 4. Scanning electron microscopy images of bioactive glass nanofibres prepared by electrospinning (A), after calcination at 600°C (B). (Reprinted from ref. [56] with permission of IOP Publishing Ltd, UK)
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 67 Figure 6. Electron microscopy image of nanoparticulate bioactive glass (nominal composition 45S5 Bioglass®) as prepared by flame spray synthesis as well as a scheme representing the flame spray synthesis process. (Reproduced from ref.s [73,74] with permission of the American Chemical Society and The Royal Society of Chemistry, respectively)

Figure 8 .

 8 Figure 8.SEM images showing MG-63 cells grown on (a) P(3HB) at day 4, (b) P(3HB) at day 7, (c) P(3HB)/20 wt % n-BG at day 4, and (d) P(3HB)/20 wt % n-BG at day 7.
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 9 Figure 9. SEM images of PHBV/BMBG porous composites immersed in SBF for different times. (a) before immersion; (b) the locally magnified morphology of pore wall before immersion; (c) 8 hours immersion and (d) 24 hours immersion[START_REF] Zheng | Investigation on the Porous Biomaterial for Bone Reconstruction with Addition of Biomimetic Nano-Sized Inorganic Particles[END_REF] 

Figure 10 .

 10 Figure 10. Scanning electron micrographs of poly(L-lactic acid) scaffolds without bioactive glass-ceramic nanoparticles (A) and containing 25 wt% bioactive glassceramic nanoparticles (B).

Figure 11 .

 11 Figure 11. SEM micrographs of fracture surfaces of PLLA/bioactive glass (BG) nanocomposites developed by Liu et al. [91]: 4 wt.% surface modified-BG (A), 4 wt.% BG (B), 20 wt.% surface modified -BG (C) and 20 wt.% BG (D) (Reproduced from ref.
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 1213 Figure 12. SEM morphology of a BGNF-Col nanocomposite, formulated as (a,b) thin membrane and (c,d) porous scaffold. Parts of (a) and (c) are enlarged in (b) and (d), respectively [100]. (Reproduced from ref. [100] with permission of John Wiley and Sons)
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