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Abstract

:

Calcium phosphates (CaPs) are widely accepted biomaterials able to promote the regeneration of bone tissue. However, the regeneration of critical-sized bone defects has been considered challenging, and the development of bioceramics exhibiting enhanced bioactivity, bioresorbability and mechanical performance is highly demanded. In this respect, the tuning of their chemical composition, crystal size and morphology have been the matter of intense research in the last decades, including the preparation of composites. The development of effective bioceramic composite scaffolds relies on effective manufacturing techniques able to control the final multi-scale porosity of the devices, relevant to ensure osteointegration and bio-competent mechanical performance. In this context, the present work provides an overview about the reported strategies to develop and optimize bioceramics, while also highlighting future perspectives in the development of bioactive ceramic composites for bone tissue regeneration.
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1. Introduction


Musculoskeletal diseases are a worldwide cause of disability and pain, as they involve bones, teeth and joints, which are anatomical districts relevant for structural support, handling, protection, locomotion, mastication and many other physiological functions [1,2,3].



Bones are complex structures continuously undergoing dynamic remodeling due to a complex interaction of multiple biochemical processes, primarily ascribable on two different cell lines, osteoblasts and osteoclasts, as actors of bone deposition and resorption, respectively. Such processes can occur spontaneously in the case of minimal bone damage; however, if massive bone defects occur, as a result of a metabolic or traumatic cause, the physiological bone healing process has to be supported by a solid 3D scaffold, acting as a physical and instructive guide for cells [4,5,6,7,8].



Some properties requested for ideal bone scaffolds include biocompatibility, which is the ability of a biomaterial to function in vivo without eliciting any adverse side effects; bioactivity, which is the additional ability of a biomaterial to chemically bond with the surrounding tissue and to participate in specific biologically relevant phenomena (e.g., ion exchange); and bioresorbability, which is the ultimate ability of the implanted material to be resorbed over time, by active participation in physiological turnover reactions, favoring the formation of new tissue [9,10,11,12]. More specifically, scaffolds should exhibit osteoinductivity and osteoconductivity, both stimulating the osteointegration of the scaffold, which consists of a direct bone–scaffold interaction without fibrous tissue at the interface, essential to ensure mechanical stability and also the in-growth of blood vessels. In this respect, a leading concept guiding scaffold development is the achievement of high mimicry with targeted bony tissues, aiming to achieve a physiological cell response while preventing adverse foreign body reactions [13].



The design and development of biomimetic bone scaffolds have to be inspired by the complex physiological bone composition and structure. The bone microstructure is the result of the biomineralization of type I collagen, secreted by fibroblasts and osteoblasts cells, as a major component of the extracellular matrix of skin, tendon and bone [14]. Osteoblasts create the nano-composite structure of bone by secreting the ions responsible for the formation of apatite crystals. In turn, the ECM influences the adhesion, proliferation and differentiation of osteoblast, osteoclast and osteocyte [5,12]. The ECM is composed of inorganic and organic phases and water: the organic component consists of collagen and non-collagenous proteins, and the inorganic component contains calcium phosphate (mainly plate-like nanocrystalline hydroxyapatite, HA), calcium carbonate, magnesium phosphate and magnesium fluoride doped with various anionic (HPO42−, CO32− and Cl−) and cationic species (Na+, K+, Mg2+, Sr2+, Zn2+, Ba2+, Cu2+, Al3+, Fe2+ and Si2+) trapped in the crystal structure. Carbonate ions are found in extent up to 8 wt%, while Na+, Mg2+, K+, Sr2+, Zn2+, Ba2+, Cu2+, Al3+, Fe2+/3+, F−, Cl− and Si4+ ions occur at trace (<1 wt%) [15]. Biogenic HA in bony tissue is non-stoichiometric with a Ca/P ratio between 1.5 and 1.67, where the inclusion of foreign ions in the crystal structure influences solubility, bioactivity, surface chemistry and morphology [16,17]. The general chemical formula for biogenic apatite is Ca10−x(PO4)6−x(HPO4 or CO3)x(OH or ½ CO3)2−x with 0 ≤ x ≤ 2. One of the most common doping ions in biogenic HA is CO32− ions, which can replace both phosphate and hydroxyl ions (leading to type B and type A carbonated apatite, respectively). For example, in B-type carbonated HA, the presence of CO32− ions in the phosphate site inhibits the crystal growth and decreases the crystallinity; this structural disorder increases the chemical reactivity and enhances the solubility without changing the affinity of the osteoblast cells. Other possible anionic substitutions are with fluoride and chloride ions [17,18]. Cationic substitutions generally involve monovalent and bivalent cationic in the calcium sites of HA crystal lattice as reported in Table 1 [18,19,20].



The bone structure exhibits a complex hierarchical architecture resulting from complex interactions of multilevel components, from micrometric osteons to apatite nanocrystals [21] (Table 2).



In particular, it is possible to classify the levels and structures of components as follows:




	
Macrostructure: cancellous and cortical bone;



	
Microstructure: (10–500 mm): Haversian channel, osteons and single trabeculae;



	
Sub-microstructure (1–10 mm): lamellae;



	
Nanostructure (100 nm–1 mm): fibrillar collagen and embedded mineral;



	
Sub-nanostructures (<100 nm): molecular structure of constituent elements, such as minerals, collagen and non-collagenous proteins [22].








Such a complexity is the main responsible factor for the outstanding mechanical performance of bone and its self-repair ability [23].



The ideal bone scaffolds should be endowed by several physico-chemical features, including chemical composition mimicking both the natural bone ECM and mineral phase, open and interconnected porosity capable of promoting neo-vascularization, tissue in-growth, nutrient and oxygen supply, nano-structured surface topography positively driving adhesion, proliferation and differentiation of cells, that are adequate mechanical properties able to sustain the biomechanical loads toward the effective regeneration of the tissue.



Several studies have been carried out on the research of biomaterials, such as metals, natural or synthetic polymers, ceramics and composites, which can match all these characteristics, but no one fully satisfies all these requirements [24,25,26,27,28,29,30]. In particular, bioceramic-based scaffolds are widely used in numerous biomedical applications, including maxillofacial reconstruction, the stabilization of jaw bones, periodontal disease, as space fillers, self-hardening bone pastes/cements and as a coating on implants, due to their positive interaction with human tissue. Bioceramic-based materials can be classified as bioactive and bioinert materials. Ceramics considered as bioinert include alumina and zirconia; they show high chemical stability in vivo as well as high mechanical strength. However, they do not have osteogenic properties [31]. Bioactive ceramics, such as calcium phosphates (CaPs), silicates, bioactive glass, and titanium oxide, are capable of interacting with cells and thus able to promote and stimulate bone regeneration [28,29,30,31,32,33].



CaP bioceramics are widely used as bone substitutes since the 1920s and are considered as the golden standard in bone regeneration due to their similarity to the inorganic bone [34,35,36,37]. The chemical composition of CaPs relies on multiple ions, including calcium (Ca2+), orthophosphate (PO43−), metaphosphate (PO3−), pyrophosphate (P2O74−) and hydroxide (OH−) [9,37] (Table 3).



The solubility of CaP compounds strongly influences their behavior in vivo [37].



Among CaPs, HA is particularly promising for bone tissue regeneration due to its very close composition with natural apatite. In the last decades, the synthesis of HA has been investigated for different applications, including scaffolds, injectable pastes/cements, coatings for metallic implants and in nanomedicine as drug delivery platforms [38,39].



HA can be produced by several methods: high-temperature solid-state reactions or low-temperature precipitation [38]. Stoichiometric HA exhibits high stability at physiological pH, limiting its long-term resorption. Therefore, various recent studies have been focused on increasing the solubility and osteogenic activity of HA by ionic doping [39,40].



The notable interest in TCP comes from the combination of its solubility and low Ca/P ratio, particularly interesting when obtaining apatite crystals in an aqueous environment [16]. There are two polymorphs of TCP: the high-temperature α-TCP and the low-temperature β-TCP[41]. The β-TCP polymorph is stable at room temperature, while a transformation into α-TCP occurs at temperatures higher than 1125 °C. Besides a similar chemical composition, the TCP polymorphs have different crystalline structures, density and solubility, thus also resulting in different biological performance. The α-TCP phase is more soluble than β-TCP and can be easily hydrolyzed in calcium-deficient hydroxyapatite (1).


3 Ca3 (PO4)2 + H2O → Ca9(HPO4)(PO4)5OH



(1)







In addition, several ions can be introduced in the structure of TCP (Mg2+, Sr2+, Zn2+, Si2+, etc.), opening different thermodynamic scenarios in terms of polymorph stabilization; e.g., silicon was reported to stabilize α-TCP, while magnesium ions stabilize β-TCP.



Due to its high solubility, TCP has been used for the preparation of biphasic CaP scaffolds, able to conjugate the osteogenic properties of HA and the resorption behavior of TCP [42,43].



DCPD is biocompatible, biodegradable and osteoconductive [9]. DCPD can be prepared by the neutralization of phosphoric acid with calcium hydroxide at pH 3–4 at room temperature. DCPD can be obtained by double decomposition between calcium- and phosphate-containing solutions in slightly acidic media. It can also be formed by the conversion of calcium phosphate salts, in acidic media, or by the reaction of calcium salts, such as calcium carbonate in acidic orthophosphate solutions. In vivo studies showed that DCPD converts into HA or it degrades and is replaced by bone [44,45,46]. Brushite, in medicine, is used in CaP paste/cement and as an intermediate for tooth remineralization [44,47].



Other silica-based bioceramics have also been studied as bone scaffolds, including wollastonite (CaSiO3), larnite (Ca2SiO4), hatrurite (Ca3SiO5), monticellite (CaMgSiO4), diopside (CaMgSi2O6), akermanite (Ca2MgSi2O7), merwinite (Ca3MgSi2O8), silicocarnotite (Ca5(PO4)2SiO4), nagelschmidtite (Ca7(SiO4)3(PO4)) and bioglass [48]. Silicon ions participate in bone metabolism, and silica-based materials exhibit good biological response in vitro, resulting in bioactive, biocompatible, bioresorbable, osteoinductive and osteoconductive behavior. The favored formation of apatite in physiological fluid was reported, thus facilitating the chemical interaction into the living bone structure following implantation [29,32].



The following steps explain the formation of apatite on the surface of silica-based bioceramics:




	
The rapid exchange of Ca2+ with H+ or H3O+ from a body fluid solution results in the hydrolysis of silica groups, which creates silanol, according to Si-O-Ca+ +H+→Si-OH+Ca2+(aq).



	
The loss of soluble silica in the form of Si(OH)4 to the body fluid, resulting from the breaking of Si-O-Si bonds and the formation of silanol (Si-OH) at the glass solution interface: Si-O-Si + H2O → 2Si-OH.



	
The condensation and polymerization of a SiO2-rich layer on the surface short in alkalis and alkaline earth cations: Si-OH+HO-Si → Si-O-Si+H2O.



	
The migration of Ca2+ and PO43− groups to the surface via the SiO2-rich layer forming a CaO-P2O5-rich film by the incorporation of soluble calcium and phosphates from the solution.



	
The crystallization of the amorphous CaO-P2O5-rich film by the addition of OH− and CO32− anions from body fluid forms a mixed hydroxyl, carbonated apatite layer.



	
The adsorption and desorption of biological growth factors on the carbonated apatite layer to activate stem cells.



	
The action of macrophages to remove debris from the site allowing cells to occupy their space.



	
The attachment of stem cells to the bioactive surface and its differentiation to form osteoblasts.



	
The generation of ECM by the osteoblast to form new bone and its crystallization in the living composite structure.








Bioglasses are also a class of bioactive, osteoconductive and osteoinductive materials essentially composed of silicate, calcium, sodium and phosphate (e.g., composition of Bioglass 45S5® (wt%) 45 SiO2, 24.5 CaO, 24.5 Na2O, 6 P2O5). Upon implantation, bioglasses are not surrounded by fibrous tissue but form a strong, integrated bond to bone. In fact, when immersed in body fluids, the formation of a silica-rich layer on its surface takes place, which converts to a silica-CaO/P2O5-rich gel layer as a precursor of HA layer formation [24,33]. In addition, they are able to release ions, which enhance gene up-regulation and favor bio-degradation, in turn favoring bone regeneration [49]. Major drawbacks are related to the difficult consolidation of bioglasses into 3D porous scaffolds, as the required thermal treatment easily provokes the crystallization of oxides, thus losing the bioactive properties related to the material in its amorphous state. Therefore, alternative consolidation methods are currently under investigation; however, a major issue remains regarding the achievement of substantial mechanical properties associated with open porosity [50].



The mechanical properties of scaffolds play an important role in bone tissue engineering. The relevant mechanical properties of bone include Young’s modulus, toughness, shear modulus, tensile strength, fatigue and compressive strength. Several approaches have been reported to increase the mechanical performance and load transfer efficiency between the scaffold and the surrounding bone tissue, mainly related to stronger interfacial bonding of the coating layer to the substrate [51].



The mechanical strength of ceramics mainly relies on their chemical composition, grain size, porosity extent and internal structural defects [37] (Table 4).



Bioceramics typically exhibit higher compressive than tensile strength, but they are also intrinsically brittle, leading to sudden failure during handling and fixation [52]. In this respect, a critical challenge is related to the optimization of toughening mechanisms for ceramics [53,54].



The enhancement of the performance of bioceramic scaffolds has been widely explored by the combination of different calcium phosphate phases into bioceramic composites. The present work aims to provide the reader with an overview about the recently reported strategies to enhance the biofunctionality and mechanical properties of bioceramic scaffolds. In particular, various manufacturing techniques are explored, including the replica method, the sacrificial template, direct foaming, the low-temperature self-hardening method and biomorphic and biomimetic synthesis, as well as 3D printing, while also highlighting future perspectives for the development of bioactive ceramic composites and devices with enhanced biofunctional properties (Figure 1).




2. Fabrication of Bioceramic Composites


The biological events occurring upon implantation of a scaffold for bone regeneration are strongly influenced by pore size distribution. The scaffold porosity affects the capability of the surrounding tissue to promote cell infiltration, migration, vascularization and nutrient and oxygen flows [18,55]. The morphological properties of scaffolds in terms of pore volume and size are important at both the macroscopic and the microscopic level.



It was reported that osteointegration and angiogenesis can be favored by interconnected macroporosity (100–600 μm) with channel-like microporosity [18]. A pore size increase is generally associated with an increase in permeability and the new bone in-growth, while small pores are more suitable for soft tissue in-growth.



Over the past two decades, several technologies have been developed for the manufacturing of highly porous bioceramic-based scaffold for bone tissue regeneration [15,17,31,40,41,42,43,44,45,46,47]. In the next paragraphs, we explore the main fabrication techniques of porous scaffolds: traditional methods (partial sintering, replica method, sacrificial template and direct foaming), low-temperature self-hardening methods, biomorphic and biomimetic synthesis and 3D printing technology.



2.1. Macroporous Compositescaffolds


The development of materials with tailored porosity has been a matter of intense research in the last decades, particularly in the case of composite scaffolds for bone tissue regeneration, because of the crucial role of voids in the structure to guide and facilitate cell proliferation and neovascularization [56].



One of the first reported approaches to tune the porosity of ceramics was the partial sintering process: the pore size distribution is mainly affected by powder particle size and sintering temperature, as higher sintering temperatures induce a significant decrease in intergranular porosity [57,58].



A great research effort has also been devoted to the preparation of macroporous bioceramic scaffolds, leading to the establishment of various techniques, including template-assisted (replica and sacrificial template) and template-free techniques (direct foaming) [56,59,60] (Table 5) [56,60].



These methods generally involve the preparation of slurries, intended as aqueous suspensions of dispersed powders; then, the slurries are properly manipulated, dried and thermally consolidated.



The replica method is a template-assisted technique based on the impregnation of a polymeric sponge with a defined porous structure and pore size into the ceramic slurry in order to produce microporous structures exhibiting the original sponge morphology [56]. The templates used in this technique can be either synthetic or natural polymers (e.g., polyurethane and cellulose, respectively). The macroporous scaffolds obtained with this method can reach an anisotropic porosity ranging from 40 to 95% and are characterized by a cross-linked structure with highly interconnected pores ranging in size from 200 μm to 3 mm [56].



The sacrificial template method involves the homogeneous dispersion of sacrificial phases into a continuous matrix of ceramic particles or ceramic precursors, followed by drying and sintering. A wide variety of sacrificial materials can be used as pore-forming agents, including natural polymers (e.g., gelatin, potato starch, cotton), synthetic polymers (e.g., polymer beads, organic fibers, polyethylene) and inorganic polymers (e.g., NaCl, K2SO4). The removal of sacrificial materials from the matrix can be achieved by thermal treatments or chemical processes. This method leads to porosity ranging from 20 to 90%, with an average pore diameter of 1–700 μm [18,56].



Template-free foaming techniques are particularly promising due to the absence of massive amounts of organic phases to be eliminated during thermal consolidation. Direct foaming represents an easy, cheap and fast way to prepare macroporous bioceramics with open porosity from 40 to 97% and pore size 10 µm–1 mm by incorporating gas bubbles into ceramic slurries, followed by drying and sintering [18,56,61]. The total porosity volume is related to the amount of gas bubbles incorporated during the foaming process, whereas the pore size depends on the stability of the poured foam before drying [18,56,61].



The sacrificial template approach also includes the freeze-casting method, which is based on the controlled freezing of liquid-based ceramic slurries [18]. The freezing of the liquid, generally water, induces the formation of anisotropic ice structures, intended as fugitive materials, during the subsequent freeze-drying process [62]. The efficacy of the process is affected by several parameters, including the viscosity of the slurry, the solvent and the freezing control in space and time. Typical structures obtained by freeze-casting methods showed well-defined pore connectivity along with directional and completely open porosity, such as a lamellar morphology after sintering [63]. The channel-like anisotropic porosity obtained by the freeze-casting method may lead to scaffolds with channels similar to cortical bone, particularly useful for long bone applications [18].




2.2. Self-Hardening Bioceramic Composites


The possibility to obtain bioactive ceramics through low-temperature self-hardening processes has been widely explored in the form of bone cements for injectable orthopedic applications, including spinal fusion, vertebroplasty and kyphoplasty [30,64,65,66]. Bone cements refer to pastes able to self-harden under physiological conditions and can be injected in vivo through minimally invasive surgery [64]. The first bone cement used in orthopedics was based on polymers, in particular polymethylmethacrylate (PMMA) in 1958, and, in the 1970s, the FDA approved bone cement for use in hip and knee prosthetic fixation [67]. Despite PMMA-based cements exhibiting good handling, setting times and mechanical performance, they are not osteogenic nor bioresorbable. Calcium phosphate cements (CPC) were discovered by Brown and Chow in the 1980s [68,69,70], overcoming the drawbacks of PMMA cements in terms of exothermic polymerization hardening and chemical composition. In this respect, CPCs exhibit bioactivity, bioresorbability and a physiological hardening at 37 °C, also allowing the incorporation of biomolecules [68]. The main drawback of CPCs hampering their clinical applications is related to their poor mechanical performance, which limits their applicability to a moderate- or non-load-bearing situation [71].



CPCs can be classified by several parameters, including the number of components in the solid phase, the type of setting reaction and the type of end product (Table 6) [38,68].



Many different formulations of CPCs have been developed, and they can be divided into two groups based on the type of end product: brushite (DCPD) and apatite (HA or CDHA) cements. Both brushite and apatite CPCs are produced upon mixing one or more CaP powders with aqueous solutions, which induces the dissolution of the initial CaPs; this is followed by precipitation into crystals of DCPD, HA or CDHA depending on the compositions of the powders and the setting reactions that take place [38,72]. During precipitation, new apatitic crystals grow and their physical entanglement causes the hardening or setting at body temperature.



Apatitic CPCs can be obtained by mixing single or multi-components with aqueous solutions that undergo hydrolysis or acid–base reactions, respectively. In the first case, the end product is calcium-deficient hydroxyapatite (CDHA), and in the latter, it is stoichiometric HA [64,68]. Some examples are as follows:



	-

	
Hydrolysis of metastable α-TCP:








3 α-Ca3(PO4)2 + H2O →Ca9(HPO4)(PO4)5(OH)









	-

	
Acid–base reaction between tetra calcium phosphate, TTCP (basic), and di calcium phosphate anhydrous, DCPA (acidic):








Ca4(PO4)2O + CaHPO4→Ca5(PO4)3(OH)









Brushite CPC obtained by an acid–base reaction between TCP (almost neutral) and monocalcium phosphate monohydrate, MCPM (acidic):


β-Ca3(PO4)2 + Ca(H2PO4)2·H2O + 7H2O →4 CaHPO4∙2H2O











Two of the most important parameters that play a key role in the final CPC features are the liquid-to-powder ratio (LPR) and the particle size of the starting powder [37,68]. The LPR influences setting time, injectability, cohesion, mechanical properties and the porosity of harder CPC [73]. The setting time is the “time required from the start of powdered agent and liquid agent blending until hardening of the cement”, according to ISO/DIS 18531 for CaPs [30,74], and influences the clinical applicability of both apatite and brushite cements as well as their injectability [30,74].



Both particle size and the LPR influence the final surface morphology of the brushite or apatite crystals and the total porosity of the final scaffolds, which affects the mechanical performance and the resorbability of scaffolds and therefore the overall bioactivity (Table 7) [37,68]. The reduction in the particle size of CaPs increases the surface area, thus affecting the reaction kinetics and yielding small needle-like crystals rather than large plate-like crystals as observed when larger CaP precursor particles are used [38,75]. Moreover, porosity is also attributed to the amount of liquid phase used; thus, by increasing the LPR, the amount of liquid phase decreases, and the porosity increases. This effect of the LPR explains the difference between brushite and apatite cement in terms of microstructure porosity: the water consumption during the setting reaction of brushite cement is larger than that of the apatite, which leads to the formation of a larger crystal size and makes the total porosity smaller and average pore size greater than those of the apatitic cements [37,73]. The typical porosity of CPC ranges between nano- and sub-micrometer size, allowing the flow of physiological fluids within the microstructure of the cement, but the pores are too small to facilitate the growth of bone tissue; in this regard, porogens are often used [69].



As mentioned above, increasing porosity leads to decreasing mechanical strength; thus, a compromise must be sought between mechanical performance and porosity degree.



One of the advantages of CPC is the room-temperature self-hardening mechanism, which, combined with the intrinsic porosity, allows the incorporation of drugs, biologically active molecules and cells, obtaining drug delivery materials [76,77]. The incorporation of active molecules in CPCs can be achieved by dissolving it in the liquid phase or by a combination with the powder phase of the CPC mixing setting [68,78]. Another possible approach is the superficial adsorption of drugs on the CPC surface by incubation of the scaffold in the drug solution: the kinetic release of drugs depends on the functionalization, microstructure and resorbability of the CPC matrix [68,78].




2.3. Biomorphic Transformations


A valuable approach to obtain bioceramic composite scaffolds with a complex structural hierarchy relies on biomorphic transformations of natural structures mimicking the morphology and microstructure of the target tissue [20,77,79].



Since the 1970s, biomorphic transformations from natural sources have been proposed for the fabrication of bioceramic scaffolds due to their 3D highly interconnected porous architecture, including the replica of the porous microstructure of CaCO3-based corals, which are impossible to create artificially, and the replica of marine sponges, soft vegetal structures and fruit- and wood-template bioceramics [75,80,81].



The approach of wood biotransformation is particularly interesting, as many ligneous species exhibit a porous and hierarchically organized structure very close to that of cortical and cancellous bone. The transformation of wood generally involves pyrolysis followed by a hydrothermal treatment; in particular, a complex multi-step strategy to convert rattan wood structures into biomimetic HA scaffolds was proposed [76,77,82]. In particular, several subsequent and strictly controlled reactions are required, including (i) the pyrolysis of wood to produce a carbon template; (ii) carburization, calcium infiltration to transform carbon in CaC2; (iii) an oxidation process that leads to CaO formation; (iv) carbonation by hydrothermal processes or by heterogeneous processes carried out at supercritical conditions and high pressure; and finally (v) phosphorylation through the hydrothermal process generating biomimetic, hierarchically organized scaffolds made of ion-doped HA.




2.4. 3D Printing


Three-dimensional (3D) printing represents an additive manufacturing (AM) technique (also known as rapid prototyping) to produce complex-shaped devices with complex geometry and design flexibility from 3D model schemes [83,84,85,86]. A wide range of materials have been employed with 3D printing techniques, including metals, polymers, ceramics and composites [85,86].



Different 3D printing methods have been proposed [85,87,88,89,90]. Extrusion-based techniques consist of the deposition of ink to create designed structures by forcing the ink through a nozzle as a melt, in fused deposition modeling (FDM), or viscous suspensions, in direct ink writing (DIW), to form lines that solidify onto a build plate [90].



DIW represents an easy manufacturing technique that allows the creation of a wide range of structures, from solid monolithic parts to highly complex porous scaffolds and composite materials. The use of pastes also allows shape retention due to the high solid loading and visco-elastic properties. The use of high viscous inks requires larger diameter nozzles compared to the conventional inkjet printing ink; it can therefore be used successfully to print extremely viscous pastes that are HA based [88].



Three-dimensional printing technology finds a wide range of biomedical applications: craniofacial implants, dental models, prosthetic parts, scaffold for tissue regenerations (bone and skin), organ printing, tumor therapy and tissue modeling for drug discovery [90,91,92]. In these kinds of applications, printable materials are formulated from biomaterials and bio-inspired materials to achieve patient-specific scaffolds with high structural complexity [93]. Moreover, printable biomaterials should be biocompatible and bioactive and should have good degradation kinetics, appropriate mechanical properties, give desirable cellular responses and exhibit tissue biomimicry [94,95].



Bioceramic powders, natural or synthetic hydrogels, polymers and their composites have been used as raw materials to formulate inks for 3D printing; in this review, we focused on ceramic-based scaffolds and bioceramic/polymer composites. Bioceramics commonly printed are calcium phosphate-based bioceramics (HA, TCP and biphasic CaP), calcium silicate-based bioceramics and bioactive glasses [91,93].



Moreover, the precise tuning of the macro- and micro-porosity permitted by 3D printing technology not only allows the fabrication of scaffolds with hierarchical porosity but also leads to the controlled release of biomolecules or drug loaded in the scaffold matrix or adsorbed on the scaffold surface [96,97].



Three-dimensional-printed bioceramics include sintered 3D-printed bioceramics, non-sintered 3D-printed bioceramics and composites with polymers.In the first case, bioceramic scaffolds are printed and sintered, removing the organic phases and improving the mechanical properties of the structure [93]. In the presence of biologically active ions, such as magnesium or strontium, in addition to an improvement of mechanical properties, an increase in biological performance in vivo was also reported [98]. Another study described biphasic CaP scaffolds (HA:β-TCP with a weight ratio 60:40) coated with calcium peroxide and polycaprolactone in order to promote bone growth with greater proliferation of osteoblasts under hypoxic conditions, following the release of oxygen dependent on the concentration of calcium peroxide in the PCL coating [99].



In non-sintered 3D-printed bioceramics, a small amount of organic solvent is used as a binder for bioceramic powders and is not removed after printing. Sun et al. developed a porous 3D scaffold of biodegradable CaP loaded with antibiotics for the regeneration of the bone tissue of the jaw, achieving a controlled drug release. This scaffold was based on an HA or biphasic mixture of CaP (β-TCP and HA with a weight ratio of 1:1) cross-linked with sodium alginate in the presence of the drug, and the paste was then extruded by the 3D printer. By modulating the degree and the time of cross-linking, it is possible to control the drug release kinetics. In vitro studies show low cytotoxicity and good cell adhesion and proliferation on the scaffold surface [100].



Bioceramic and polymer composite are synthesized to combine the bioactivity and osteoconductivity of bioceramics with the handling performance of polymers [87]. For example, the presence of strontium-doped HA nanoparticles in 3D-printed PCL scaffolds leads to a significant increase in cell proliferation and bone regeneration, due to the simultaneous release of calcium and strontium ions, associated with an improvement in mechanical properties as related to the inorganic phase content [101]. HA nanoparticles were also used as an external coating for 3D-printed polymer scaffolds in order to enhance cell proliferation and differentiation while also strengthening the scaffold [94].



Recently, 4D printing approaches have been developed, which, in addition to three-dimensional spatial control, introduces the concept of temporal control, i.e., active smart materials responsive and mechanically converted into other shapes via external stimuli. This technique enables the production of smart 3D scaffolds responding to external stimuli, such as changes in pH and temperature or when subjected to magnetism or light radiation of adequate energy [95,102,103].





3. Enhancing the Biological Performance of Bioceramic Composites


3.1. Biofunctionalization


Biofunctionalization is the modification of a material to achieve improved biological function and/or stimulus, whether permanent or temporary. The biofunctionality of scaffolds for regenerative medicine has been considered to play a key role for effective tissue regeneration [92,95].



Several parameters can be tuned, including surface energy and roughness, Ca/P ratio, solubility, particle size and crystallinity, in order to improve the biological events beyond the interaction with the biological environment, e.g., protein adsorption, cell attachment, cell proliferation and cell differentiation [93,104] (Figure 2).



The architecture of biomimetic scaffolds greatly affects the chance to obtain a suitable microenvironment for bone regeneration. The presence of a diffuse macroporosity favors cell adhesion, cell proliferation and vascular growth. In turn, the surface micro-architecture enhances protein adsorption, and specific nano-topography could directly modulate the osteogenic differentiation, producing a favorable osteoimmune microenvironment [97]. Among the various microstructures, microgrooves have strong effects in the regulation of cell orientation and adhesion [96,105]. The width of the micro-channels controls the orientation, while the depth regulates the adhesion strength of the cells, which decreases as the depth of the groove increases. Micro–nano hybrid structures (micropattern–nanorod hybrid structure) showed higher cell adhesion, proliferation and ALP (alkaline phosphatase protein) activity than a single-scale structure (including nanorods and micropatterns) [96,106].



The roughness of the surface plays a crucial role in cellular behavior [107,108,109] (Table 8).



It was demonstrated that specifically designed roughness can enhance osteogenesis due to the modulated concentration of calcium ions and osteocalcin in the grooves [110].



The surface chemistry also plays a key role in cell behavior. The crystallinity of nanometric bioceramics, i.e., ACP and HA, was observed to affect cell attachment efficiency, proliferation and differentiation of bone marrow-derived mesenchymal stem/stromal cells (BMSCs) [111]. In particular, nano-HA allows a better adhesion, proliferation and differentiation of BMSCs into osteoblasts than ACP.



The chemical approach of creating functional groups on the surface of the scaffolds is also promising for the improvement of cell adhesion and osteogenic differentiation. For example, functional groups, such as –COOH and –NH2, improve protein adsorption due to the formation of hydrogen bonds linking proteins, finally resulting in improved cell adhesion [97].




3.2. Enhancing the Mechanical Performance of Bioceramics Composites


CaP-based scaffolds generally exhibit poor mechanical properties compared to teeth and bone, especially due to their intrinsic brittleness, limiting their load-bearing bone applications [82,112]. Brittle materials are more likely to fail under tension or shearing rather than compression, essentially due to the crack propagation in preexisting flaws, such as micro-cracks or macro-pores [70,113].



Common approaches to improve mechanical performance and reduce the brittleness of ceramic materials are classified as intrinsic or extrinsic modifications (Figure 3).



The intrinsic approach involves changes in the inherent properties of the scaffold, such as the composition, porosity and microstructure, whereas extrinsic modifications involve the use of reinforcing fibers or, in the case of CaP-based cements and pastes, the use of a cross-linker agent or hydrogel for the optimization of the dual setting system [72].



3.2.1. Intrinsic Material Modifications


The mechanical strength of scaffolds closely depends on their microstructure. Several factors, such as composition, crystal size and porosity, greatly affect the microstructure of scaffolds and its final strength [102]. One of the major factors affecting the mechanical performance is porosity, as the strength exponentially decreases with increasing voids [56,114,115].



A possible strategy to increase the mechanical strength is the reduction of intergranular voids by favoring the packing of the particles or using multimodal particle size distributions, leading to a decrease in the microporosity extent, especially in the struts [116].



The pore size distribution influences the degradation performance of the scaffold, and, therefore, the biodegradation kinetics can be modulated by varying the pore architecture [91]. Triangular, rectangular and elliptic pores were reported to support angiogenesis and faster cell migration due to their greater curvature [55]. Nevertheless, the increase in scaffold porosity is inversely related to mechanical strength; this is a key problem, difficult to solve and strongly limiting to load-bearing applications. In this respect, an exponential decrease in the compressive strength with increasing porosity was observed [115].


σ = [(E0R)/(πc)]0.5 exp(−KP)



(2)




where E0 is the Young’s modulus at zero porosity; c is the average pore size; R is the fracture surface energy; K is an empirical constant, which can be extracted from the slope of a semi-logarithmic plot of the strength–porosity curve; and P is the porosity extent (in volume) [117,118].



Higher compressive moduli are associated with smaller pore sizes, porosity gradients and oriented pores [114,115]. The capability to modulate the porosity extent and distribution is helpful in limiting the concentration of mechanical stresses toward damage-tolerant structures; that is, micro-fractures occur until the scaffold’s failure.




3.2.2. Extrinsic Material Modifications


The approaches proposed to increase the mechanical strength while limiting the brittleness of bioceramics include the combination with polymers, fibers or a dual setting system, especially for cements [104,107,108,119,120].



The dual setting system refers to the addition of reactive monomers to the liquid phase, together with an initiator into the inorganic component of the cement or eventually polymeric component that can be cross-linked [121,122]. In the first case, during the setting, there are simultaneous gelation/polymerization and dissolution–precipitation reactions, thus obtaining cement with a porous microstructure reinforced with a hydrogel-based matrix. As a consequence, an increase in compressive strength and hardness with stable rheological properties was achieved [102]. In turn, the cross-linking agent permits the binding of Ca2+ ions with carboxylic acid or organic phosphate fractions in the polymer chain, thus resulting in a reduction in brittleness and an increase in compressive strength [82,122].



The addition of fibers is one of the most effective approaches to increase the strength and toughness of bioceramics [123,124]. The mechanical behavior of fiber bioceramic composites is based on the interaction between the composite components and is time dependent due to the potential degradation of both fiber and CaP-based materials after implantation to allow bone regeneration. The reinforcements are related to several parameters, including (i) composition, mechanical properties and degradation of the matrix; (ii) fiber–matrix interface properties; and (iii) type, length, diameter, volume fraction, orientation and mechanical properties of fibers [124,125]. It was observed that the long-term strengthening effect of fibers was related to the type of fibers: the addition of non-resorbable fibers led to a stable increase in mechanical performance over time, while resorbable/biodegradable fibers provided only an initial reinforcement, followed by the creation of a macroporosity in the ceramic matrix after degradation of the fibers, favoring osteointegration [102].



The application of critical loads to brittle materials induces catastrophic fractures without any reversible deformation. The incorporation of fibers provides intergranular bridges increasing the tensile strength, flexural strength and fracture toughness.



There are three main fiber-reinforcing mechanisms [108,119,120]:




	
Fiber bridging: the fibers bridge the existing crack, limiting its opening and propagation;



	
Crack deflection: the fibers increase the length of the crack propagation, requiring more energy in newly formed surfaces;



	
Frictional sliding: the presence of intergranular fibers in the matrix increases the fracture resistance of the composite.








Fibers can be classified as natural and man-made fibers, further divided into resorbable and non-resorbable [71] (Table 9).



The introduction of carbon fibers (CF) in bioceramic scaffolds, including bone cements, has been explored in the past decades [123,124,125]. In particular, previous works showed that the addition of fibers led to an increase in compressive strength without interfering with HA formation during the setting of CPC [127]. The presence of CF induced a significant reinforcement also in calcinated HA-based scaffolds, while preserving biocompatibility and bioactivity; the mechanisms underlying the increase in mechanical properties were attributed to crack deflection, interlocking of the fibers, pullout and crack bridging [118]. Basically, the interaction between fibers and the surrounding ceramic matrix is based on several properties of fibers, including chemical composition, wettability and surface modifications. HA bioceramics reinforced with silicon-coated CF with controllable alignment were prepared via hot pressing and pressureless sintering, leading to the formation of a SiO2 protective layer upon thermal decomposition of HA [118].



Various oxidation treatments were also implemented to improve the performance of CF as a strengthening agent of CPCs, including a preliminary treatment with aqua regia followed by immersion in CaCl2 [104]. This treatment favored the heterogeneous nucleation of apatite nanocrystals on the surface of fibers, thus reducing the setting times; the addition of 1 wt% of fibers led to a significant increase in both bending strength and the work of fracture, essentially due to the deflection of crack propagation, while the in vitro biocompatibility was preserved.



Moreover, silicate-based fibers, calcium silicate, glass and basalt fibers have been used to reinforce bioceramics [117,121,122,126]. In particular, wollastonite (CaSiO3) fibers were introduced into CPCs, showing that Si could favor the crystallization of needle-like apatite during cement setting, associated with a significant increase in compressive strength [126]. Furthermore, the presence of CaSiO3 fibers was a promoter of cell viability and ALP activity [121].



Glass fibers (GF), such as E-glass and bioactive glass fibers (BGF), have been proposed as CPC-reinforcing agents [128,129]. E-glass fibers are composed of alumino-borosilicate with about 1 wt% alkali oxides, while BGF is described by the ternary system SiO2-CaO-P2O5 [122]. Xu and co-workers had incorporated short and long E-glass fibers into CPC, obtaining an increase in elastic modulus, flexural strength and the work of fracture [115]. The addition of 15 wt% of BGF also determined an improvement of compressive strength, toughness and elastic modulus of CPCs [122].



In addition to fibers, apatite whiskers were proposed to improve the mechanical properties of CPCs; the enhancement of 120% of the work of fracture and 60% of flexural strength was obtained by adding 30 vol% of HA whiskers [127].






4. Ion-Doped Bioceramics and Composite Scaffolds


4.1. Ion Doping


Calcium phosphates, especially HA, are capable of hosting a variety of foreign (i.e., different from Ca and P) ions, involving the formation of atomic defects but with a limited modification of the overall crystal structure [39]. As biological apatites forming the inorganic part of bone are characterized by nanocrystallinity, poor crystal ordering and multiple ion doping, in the last few decades, various approaches were proposed to tune the biological properties of ceramics [129,130,131,132,133,134,135,136] in order to obtain novel biomaterials with multifunctional abilities, including antibacterial [137,138,139,140] and magnetic properties [128].



Some of the most studied substituting ions in bioceramics, with related biological roles, are listed in Table 10.



4.1.1. Magnesium


Magnesium is considered as the main ion capable of replacing Ca in biological apatite, in an amount close to 1 wt% [132]. Mg2+ ions play a key role in bone metabolism, taking part of the biochemical reaction beyond bone formation, while also controlling bone growth and metabolism [47,142,148].



Magnesium phosphates are also associated with a higher dissolution rate than calcium phosphates [149]. Mg has been shown to inhibit the formation of crystalline minerals, such as hydroxyapatite, whereas more soluble phases, such as brushite, are minimally affected by the presence of Mg [150,151,152]. Specifically, it was observed in basic solutions that HAP precipitation is inhibited by Mg substitution for Ca higher than 10%, and amorphous calcium phosphate (ACP) or whitlockite, the Mg polymorph of β-tricalcium phosphate, forms [153,154].



The incorporation of magnesium was also associated with increased protein adsorption and cell adhesion on the surface of bioceramics [17,18]. Furthermore, an intrinsic antibacterial activity was described for Mg-HA [136,139].




4.1.2. Strontium


Strontium (Sr2+) is a natural component of bones and teeth and have affinity with Ca2+ ions, thus representing a calcium-like entity within cells, acting along similar biochemical and cellular pathways [136,141]. At a low concentration, strontium inhibits osteoclast activity, reduces bone resorption, enhances osteoblast proliferation and promotes bone formation. In this context, the addition of strontium in bioceramics is promising for the local treatment of bone affected by metabolic diseases, such as osteoporosis [45,155,156,157,158,159]. Several approaches can be implemented to obtain Sr-doped bioceramics, including the addition of strontium salts in wet synthesis processes [160] or of Sr-doped inorganic reactants involved in solid-state reactions at high temperatures [73,159]. The incorporation of strontium ions replacing Ca2+ in the crystal lattice of calcium phosphates generally induces deformations in the crystal lattice due to its higher ionic radius in respect to calcium. This affects the physicochemical properties of CaPs; for instance, it was observed that Sr2+ ions stabilize the β-TCP polymorph during thermal synthesis reactions. Furthermore, various previous studies reported a mechanical reinforcement ascribed to strontium doping, possibly due to enhancement of the interatomic bond strength in the CaP crystal in respect to calcium [161,162,163].




4.1.3. Silicon


Silicon plays a key role in the physiological formation of bone and cartilage tissues, especially due to its intrinsic capacity to act both as a cross-linker in ECM and to favor the precipitation of HA and bone mineralization [29,135]. When used in the synthesis of bioceramics, such as tricalcium phosphate (TCP), normally obtained with high-temperature treatments, silicon has the capacity to favor the formation of α-TCP polymorph against β-TCP [164,165]. Silicon-containing bioceramics exhibit high bioactivity, including bioglasses (Na-Ca-P-Si), wollastonite (CaSiO3) and Si-doped bioceramics (e.g., Si-HA and Si-TCP) [24,27,29,32,48].



The pivotal role of Si-containing bioceramics, such as silicon-doped HA, in bone tissue regeneration was confirmed by in vivo studies revealing the enhanced formation of collagen fibrils after 6 weeks at the bone/Si-HA interface and after 12 weeks with the bone/HA interface [134,135]. In addition, the enhanced formation of mature osteoclasts from mononuclear precursor cells was observed, thus showing the potential of silicon to favor the complex bone regeneration cascade by stimulating the various cell lines involved in new bone formation and remodeling. Long-term in vivo studies also reported the significantly higher bioresorbability of Si-doped HA scaffolds compared to pure HA scaffolds, as only few residues of the doped scaffold were observed at one year upon implantation, while non-doped HA scaffolds remained unchanged even after five years from implantation [129].




4.1.4. Silver


The incorporation of silver ions into bioceramics, as a replacing element for calcium, is possible due to their similar ionic radius [133].



Silver doping has been proposed as a valuable antibacterial strategy due to its ability to interfere with the electron transfer process on bacterial membranes and to promote the production of reactive oxygen species (ROS), finally causing cell death [148].




4.1.5. Iron


The incorporation of iron ions into bioceramics has been widely studied in recent decades, together with its neighboring transition elements from the fourth period of the periodic table (Mn, Co, Ni, Zn) [39], with the purpose of generating new bioceramics with magnetic properties. Indeed, super-paramagnetic iron oxide nanoparticles (SPIONs) are widely approved magnetic biomaterials (usually composed of magnetite Fe3O4 or maghemite γ-Fe2O3) as a contrast agent in magnetic resonance imaging applications for cancer diagnosis or hyperthermia-based cancer treatments. Nevertheless, their iron oxide core also causes long-term cytotoxicity; therefore, intensive effort is today dedicated to develop iron-doped magnetic ceramics preserving good biocompatibility and bioactivity [166].



In this respect, iron-doped CPCs for magnetic hyperthermia were obtained, exhibiting improved osteoconductive and antibacterial properties [167,168,169]. A new concept of magnetic CaP was obtained by synthesizing apatite nanocrystals doped with Fe2+/3+ ions, so as to generate intrinsic superparamagnetic ability, generated by the specific positioning of Fe2+ and Fe3+ ions in the crystal lattice and in the outer hydrated layer of the apatite [128,145]. Such a new phase exhibited a magnetization ability similar to that of iron oxides but with excellent biocompatibility and enhanced osteogenic ability [170].




4.1.6. Fluorine


Fluorine ions take part in several biochemical processes, becoming particularly important for oral care applications, neuromodulation and bone structure [136]. Fluorine promotes osteoblast proliferation and inhibits osteoclast activation and differentiation; moreover, when present in a low concentration, it can enhance in vivo bone formation [147,171].



The substitution of OH− groups of apatite with F− ions accelerated the crystallization process, increasing the stability of the crystals while decreasing their solubility [147,171]; the incorporation of fluorine also affected the crystal morphology toward flattened hexagonal rod-like shapes [147,171].



Fluorine-doped HA also exhibited antibacterial behavior, inhibiting the adhesion and proliferation of bacteria typically detected in an oral environment [147,171].





4.2. Composites with Silicates


The preparation of composites containing both calcium phosphates and silicates has been explored with several approaches for the purpose of enhancing the mechanical properties of scaffolds. In fact, various studies showed that calcium phosphate composites with calcium silicates exhibited enhanced compressive and flexural strength [172,173].



Si-containing bioceramics include colloidal silica nanoparticles [174,175], silicates (i.e., calcium silicates and zinc silicates) [176,177,178], glasses [179,180] and silicate-phosphates (i.e., silicocarnotite and nagelschmidtite) [181,182]. Regarding the preparation of bone cements, previous studies showed that the addition of silica nanoparticles led to a decrease in the setting times and led to improved mechanical properties, especially due to the formation of Si-O-Si bonds among the particles [174,175]. Calcium phosphate cements containing zinc silicate and PLGA microspheres were also prepared [162]: the role of Si and Zn in improving setting times, injectability and compression strength was observed, while the addition of the microspheres did not affect the porosity.



The incorporation of silicates becomes particularly interesting in bioglass-reinforced cements, e.g., single-phase crystalline or amorphous calcium silicate phosphates (CaO-SiO2-P2O5, CaSiP) or Bioglass A5S4, resulting in increased setting times and injectability [179,180]. The incorporation of bioglasses also significantly improved the bioactivity of the scaffold, promoting osteoblast attachment, proliferation and differentiation in vivo. The effect of CaSiP (silicocarnotite, Ca5(PO4)2SiO4) in brushite cements was also investigated, showing the role of Si in favoring the formation of HA, osteoblast proliferation and the formation of novel bone tissue [181].



The application of single-phase calcium phosphate silicate bioceramics (CaSiP) is not limited to bone regeneration but also to periodontal repair. In this respect, various works showed the preparation of 3D-printed silicate bioceramics, such as nagelschmidtite (Ca7(SiO4)3(PO4)2, CSP) and silicocarnotite (Ca5(PO4)2SiO4, Sss) [48]. CaSiP showed good biological performance with the formation of flake-like apatite layers (in the cases of Sss and CSP, respectively). The ion release positively induced cell proliferation and differentiation as well as the formation of the extracellular matrix and the mineralization of periodontal tissue [183,184].




4.3. Composites with Carbon


The interest in the synthesis of composites with calcium phosphates and carbon-derived structures rapidly rose in recent years, especially considering graphene, a 2D material made of nanosheets of hexagonally bonded carbon atoms characterized by a high surface area, high conductivity, excellent mechanical properties and good biocompatibility, particularly interesting for tissue engineering applications [185,186,187].



The synthesis strategies to obtain graphene/carbon nanotubes–hydroxyapatite composites have been reported, evidencing hemocompatibility, antibacterial properties and the ability of graphene–hydroxyapatite composites to increase osteogenic activity [161,163,188,189,190,191,192,193,194].



A hybrid composite made of graphene oxide (GO), chitosan (CS) and HA (GO-CS-HA) was developed as a coating for titanium implants, exhibiting an increased formation of biomimetic apatite and also antibacterial properties, possibly ascribed to the increased production of reactive oxygen species [177].



Furthermore, 3D-printed composite scaffolds made of β-TCP, reduced graphene oxide (RGO), magnesium nanoparticles and arginine were prepared [176]. The combination of amino groups of arginine, released Mg ions and the nanotopography of GO resulted in increased mechanical performance.



The effect of RGO and carbon nanotubes (CNT) in α-TCP-based cements was evaluated. The setting times decreased when increasing the concentration of RGO, while negligible variations were observed with the addition of CNT; the mechanical performance was also valuable for load-bearing applications [178,195].



The use of microwaves resulted in a reduction in setting time and an increase in mechanical properties, ascribed to the evaporation of gas from the surface of RGO and CNT, strengthening the final composite [195]. The formation of an external HA layer was observed, favoring cell adhesion and proliferation.




4.4. Composites with Titanates


Titanium and its alloys have been used in combination with calcium phosphates for bone tissue engineering due to their excellent mechanical properties [196]. Metallic prostheses and implants are widely used to replace damaged bones and teeth, and their interaction with the surrounding tissue depends on the chemistry and microstructure of the surface [197], but their main drawback is related to their poor bioresorbability. In this respect, the preparation of bioceramic composites containing titanium oxides was considered as a valuable approach, exhibiting good biocompatibility and enhancing in vivo osteointegration [198,199].



Titanium oxide nanomaterials can also be added to injectable cements and pastes, leading to higher injectability and improved mechanical performance [175].



Some titanates, such as barium titanate (BaTiO3, BT) and strontium titanate (SrTiO3), are also characterized by piezoelectric properties, potentially providing microstructural accumulation of charges mimicking the mechanotransduction of bone cells [183,184,200,201]. BT-HA composites were investigated to combine the bioactivity of HA with the piezoelectricity of BT [184,200]. Three-dimensional-printed highly porous piezoelectric scaffolds based on BT and HA were obtained, with good cytocompatibility and cell attachment [184]. An aligned porous BT-HA piezoelectric composite was obtained by the ice-template method, exhibiting high porosity, cell proliferation, differentiation and adhesion of osteoblastic cells [200].





5. Conclusions


Calcium phosphates are widely accepted biomaterials and the gold standard to promote the regeneration of bone tissue. CaP scaffolds with biomimetic composition can exhibit osteogenic ability, bioresorbability and antibacterial properties. However, appropriate mechanical properties are required if the target is the regeneration of critical-sized bone defects, particularly when load bearing.



The co-existence of various factors, such as bioactive chemical composition, nanostructure and bone-like mechanical performance, is a major problem with ceramics due to the need of sintering and the difficulty of achieving complex bone-mimicking 3D structures. In fact, several technologies developed in the last decades for the manufacturing of a highly porous bioceramic-based scaffold from traditional methods (partial sintering, replica method, sacrificial template and direct foaming, as well as various 3D printing technologies) usually fail in generating bioactive and effective bone scaffolds. Hence, future perspectives are strongly related to the development of new approaches that can generate bone scaffolds endowed with bone-mimicking features yielding effective regenerative ability. To this end, recently developed innovative approaches targeting low-temperature processes, including chemically induced consolidation of CaP pastes or biomorphic transformation processes, are examples of radically new methods enabling the possibility to create scaffolds retaining nanocrystallinity and bioactive, ion-doped composition or even multi-scale hierarchically organized architectures inherited from natural sources. These results open new perspectives in ceramic science and are encouraging for further research in the field, targeting the decisive resolution of many still unmet clinical problems related to bone regeneration.
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Figure 1. Flow chart of biological and structural requirements underlying the ideal scaffold for bone tissue regeneration. 
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Figure 2. Key properties of CaP-based bioceramics that have an impact on biological events. 
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Figure 3. Mechanical reinforcement strategies for CaP-based biomaterials in a load-bearing application. 
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Table 1. Relevant cation substitutions in natural HA crystal structure.
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	Cations
	Biological Effects





	Magnesium
	Enhancing skeletal metabolism and bone growth



	Strontium
	Increasing bone mass: stimulating bone formation and reducing bone resorption (anti-osteoporotic agent)



	Silicon
	Stimulating extracellular matrix formation and mineralization



	Zinc
	Stimulating osteoblastic activity in vitro and inhibiting bone resorption in vivo
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Table 2. Main components of bone structure, from macroscale to nanoscale.
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	Macrostructure
	Cortical bone

Spongy bone



	Microstructure
	Osteons (100 μm)

Haversian canals (10 μm)

Collagen fibrils (25–500 nm)



	Nanostructure
	Tropocollagen triple helix

Collagen molecule

Hydroxyapatite nanocrystals (30 nm)
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Table 3. Some CaP materials: name, abbreviation, chemical formula, Ca/P ratio and solubility.
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	Name
	Abbreviation
	Chemical Formula
	Ca/P Ratio
	Solubility at 25 °C, mg/L





	Hydroxyapatite
	HA
	Ca10(PO4)6(OH)2
	1.67
	~0.3



	Calcium-deficient hydroxyapatite
	CDHA
	Ca10−x(PO4)6−x(HPO4 or CO3)x(OH or ½ CO3)2−x
	1.5–1.67
	~9.4



	Dicalcium phosphate dihydrate
	DCPD
	CaHPO4∙2H2O
	1
	~88



	α-Tricalcium phosphate
	α-TCP
	α-Ca3(PO4)2
	1.5
	~2.5



	β-Tricalcium phosphate
	β-TCP
	β-Ca3(PO4)2
	1.5
	~0.5
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Table 4. Ideal features of scaffolds for bone regeneration, with respective proposed strategies to improve them.
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	Properties
	Proposed Improving Strategies





	Open and interconnected porosity
	
	
Traditional techniques for the fabrication of a 3D porous device (sacrificial template, direct foaming)



	
Low-temperature self-hardening methods



	
Biomimetic and biomorphic synthesis



	
3D printing technology








	Mechanical properties
	
	
Reinforced scaffold by compression, using fibers (polymeric or ceramic) or a dual setting system








	Biofunctionality
	
	
Biomimetic and biomorphic synthesis



	
Surface topography modifications








	Bioactivity
	
	
Biomimetic and biomorphic synthesis



	
Ion-doping ceramic-based scaffold



	
Ceramic-based composites
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Table 5. Main processing steps involved in the fabrication of porous bioceramics.
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	Template-Assisted Techniques
	Processing





	Replica
	
	
Preparation of stable ceramic suspension



	
Impregnation of synthetic/natural porous template into the ceramic suspension



	
Drying and template removal



	
Sintering








	Sacrificial template
	
	
Preparation of ceramic or ceramic precursor in solid or liquid form



	
Addition of sacrificial phase



	
Drying, pyrolysis and evaporation



	
Sintering








	Template-Free Technique
	



	Direct foaming
	
	
Preparation of stable ceramic suspension



	
Addition of surfactants



	
Incorporation of gas



	
Drying of the foamed suspension



	
Sintering
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Table 6. Classification of CPC.






Table 6. Classification of CPC.





	

	
Apatitic CPC

	
Brushitic CPC




	

	
Single Component

	
Multiple Components






	
Reactives

	
α-TCP

	
TTCP + DCPA/DCPD

	
Β-TCP + MCPM/MCPA




	
Reaction type

	
Hydrolysis

	
Acid-Base




	
Reaction

	
   3 α −   Ca  3        PO  4     2  +      H   2   O    →        Ca  9  (   HPO  4  )       PO  4     5    OH     

	
     Ca  4        PO  4     2  O + 2   CaHPO  4         →   Ca   10         PO  4     6    OH     

	
   β −   Ca  3        PO  4     2  + Ca      H 2    PO  4     2  ·  H 2  O      + 7  H 2  O → 4   CaHPO   4     · 2  H 2  O   
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Table 7. Effect of particle size and liquid-to-powder ratio on the crystals’ morphology and pore distribution.
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Particle Size

	
Liquid-to-Powder Ratio




	

	
Fine Particles

	
Coarse Particles

	
Low L/P

	
High L/P






	
Final crystal morphology

	
Needle-like crystals

	
Plate-like crystals

	
Low inter-aggregate distance

	
High inter-aggregate distance




	
Pore size distribution

	
Fine

	
Coarse

	
Fine

	
Coarse
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Table 8. Effects of structural size, morphology and roughness surface of CaP biomaterials on cellular behavior.
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Surface Structure

	
Parameters (Size, Morphology, Roughness)

	
Biological Function






	

	

	
Enhance

	
Decrease




	
Micro/nano size (CaP)

	
Microgroove width:

From 20–40 um to 60–100 um

	
Cell number inside the pattern

	
Cell alignment/orientation




	
Microgroove depth

From 3 um to 5.5 um

	

	
Cell adhesion force




	
Microgroove depth pattern:

From nano-hybrid to micro-hybrid

	
Cell adhesion, proliferation, osteogenesis

	




	
Micro-/nano-morphology (CaP)

	
Micro-morphology:

Plate-like and net-like

	
Cell attachment expansion

	




	
Nano-morphology:

Plate-like and wire-like

	
Osteogenesis

	




	
Micro-/nano-roughness (CaP)

	
Micro-roughness:

Ra from 1 um to 2 um

	
Cell attachment osteogenesis

	




	
Nano-roughness:

Ra from 5.3 nm to 9.8 nm

	
Focal adhesion osteogenesis
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Table 9. Fiber classification and some examples of fibers used in bioceramic reinforcement.
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Natural Fibers

	
Man-Made Fibers




	

	
Resorbable

	
Non-Resorbable






	

	
Natural Polymer

	
Synthetic Polymer

	
Polymeric

	
Ceramics




	
Silk fibroin [107]

	
Polylactide [109]

Cellulose [112]

	
Poly-caprolactone [109]

	
Polyamide [103,113]

	
Carbon [104,115,116,118]

Silicate based [117,121,122,126]

HA whiskers [122,127]
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Table 10. Doping ions in calcium phosphate bioceramics, with related biofunctional ability.






Table 10. Doping ions in calcium phosphate bioceramics, with related biofunctional ability.










	Ion
	Biological Effects
	References





	Si4+
	
	-

	
Induction of the biomimetic precipitation of HA






	[39,78,114]



	Sr2+
	
	-

	
Osteogenic activity




	-

	
Anti-osteoporotic agent




	-

	
Enhancement of mechanical properties






	[39,132,141]



	Mg2+
	
	-

	
Enhancement of bone growth




	-

	
Induction of angiogenesis




	-

	
Antibacterial agent






	[39,132,139,141]



	Zn2+
	
	-

	
Stimulation of osteoblastic activity




	-

	
Inhibition of bone resorption




	-

	
Antibacterial agent






	[142,143,144]



	Ag+
	
	-

	
Antibacterial agent






	[137,138,140]



	Mn2+
	
	-

	
Regulation of osteoblastic differentiation




	-

	
Control of bone resorption




	-

	
Promotion of cell adhesion




	-

	
Promotion the synthesis of extracellular matrix proteins






	[131,136]



	Cu2+
	
	-

	
Antibacterial agent






	[131,136]



	Co2+
	
	-

	
Neo-vascularization promotion




	-

	
High cell proliferation




	-

	
Osteogenic activity






	[131,136]



	Fe2+/3+
	
	-

	
Antibacterial agent




	-

	
Super-paramagnetism




	-

	
Promotion of bone formation




	-

	
Osteoinductivity






	[39,128,131,145]



	F−
	
	-

	
Shrinkage of HA crystal lattice




	-

	
Decreasing solubilization and increasing stability of HA




	-

	
Induction of biomineralization




	-

	
Osteogenic activity




	-

	
Antibacterial agent






	[136,142,144,146,147]
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