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Hydroxyapatite (HAp) has been considered for decades an ideal biomaterial for bone repair due to its compositional and crystallographic similarity to bioapatites in hard tissues. However, fabrication of porous HAp acting as a template (scaffold) for supporting bone regeneration and growth has been a challenge to biomaterials scientists. The introduction of additive manufacturing technologies, which provide the advantages of a relatively fast, precise, controllable, and potentially scalable fabrication process, has opened new horizons in the field of bioceramic scaffolds. This review focuses on three-dimensional-printed HAp scaffolds and related composite systems, where the calcium phosphate phase is combined with other ceramics or polymers improving the mechanical properties and/or imparting special extra-functionalities. The main applications of three-dimensional-printed HAp scaffolds in bone tissue engineering are presented and discussed; furthermore, this review also emphasizes the most recent achievements toward the development and testing of multifunctional HAp-based systems combining multiple properties for advanced therapy (e.g., bone regeneration, antibacterial effect, angiogenesis, and cancer treatment).
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INTRODUCTION

The need for the restoration or replacement of damaged and diseased tissue has significantly increased with the increasing average age of the world population. With this demand, recently, a significant number of materials have been investigated for different applications. Among them, hard tissue regeneration (i.e., bone and dental tissues) is one of the major challenges in healthcare industry (Woesz and Best, 2009). The regeneration of complex tissues in hard tissue engineering needs a multidisciplinary approach and technological aspects.


Hard Tissue Regeneration

The use of scaffold is an essential factor for hard tissue regeneration by providing desired surface and space for cells to attach, proliferate, migrate, and differentiate to organize a normal bone tissue (Gómez-Lizárraga et al., 2017; Ishack et al., 2017; Kumar et al., 2017b; Farid, 2019). For hard tissue reconstruction, biodegradability, biocompatibility, osteoconductivity, desired pore-interconnected microstructure, and suitable mechanical performance are critical characteristics of tissue-engineered scaffolding system (Zhang et al., 2019).

The development of biomaterials in hard tissue regeneration is at a relatively better stage as compared to soft tissue regeneration. In the former case, calcium phosphates, and bioactive glasses may be considered the gold standard for hard tissue regeneration, where these bioceramics exhibit excellent biocompatibility and chemical similarity with hard tissues (i.e., bone and teeth) in mammals (Krishnakumar et al., 2018; Minardi et al., 2019; Sprio et al., 2019). The controlled dissolution of bioceramic implants upon contact with biological solutions provides the in vivo three-dimensional (3D) micro-/nanoenvironment with desired ions that improve the growth of native tissue. Therefore, the selection of material type and design for hard tissue regeneration is a great challenge to achieve native 3D micro-/nanoenvironment (Farid, 2019).

Bioceramics and bioactive glass-based biomaterials exhibit superior biological performance compared to biocompatible but bioinert polymers and have extensively been applied for the clinical repair of bone defects (Sumer et al., 2013; Sasaki et al., 2018). However, due to their brittleness and, hence, poor mechanical performance, these materials are only limited to critical-sized defects of non-load-bearing bones (Daga et al., 2015), and even due to the variation in bone defects and dynamical loading of bones, currently available ceramic materials fail to bridge or fill the anatomical shape and structure of the lost hard tissue, thereby being unable to meet surgical on-demand requirements in a larger critical-sized defects (Jardini et al., 2014).

In the last decades, various processing methods such as solvent casting (Suh et al., 2002), freeze drying (Wu et al., 2010; Kumar et al., 2016a, 2018, 2019), solid–liquid phase separation (Goh and Ooi, 2008), electrospinning (Nandakumar et al., 2010), and gas foaming (Ji et al., 2012) have shown a great potential in fabricating desired scaffolds for a variety of tissues, but these conventional methods fail to control geometry, pore size, and pore interconnectivity of the scaffolding system precisely. Therefore, the achievement of an ideal scaffolding system using conventional methods still is a great challenge in hard tissue repair and regeneration. In this advancement, additive manufacturing (AM) methods have significantly contributed to overcome the limitations of the conventional scaffold processing methods for the treatment of large bone defects and load-bearing applications (Jones, 2012). These AM technologies enable the mold-free fabrication of scaffolds with patient-specific complex characteristics based on medical imaging raw data (Ferlin et al., 2016). AM methods have provided precise anatomical and interconnected design as target-specific hard tissue repair or regeneration with time- and cost-efficient means. Although AM methods exhibit considerable success in orthopedics, there are still certain challenges to be considered (e.g., resolution of printed constructs and mechanical properties) in the optimization of patient-specific scaffolds that may provide 3D micro-/nanoenvironment in hard tissue regeneration (Khalyfa et al., 2007; Derby, 2012). A significant number of scaffolds with bone regenerative properties have been investigated in preclinical studies (Xia et al., 2013; Ferlin et al., 2016; Pei et al., 2017), and even few clinical trials already have been performed by addressing translational methods. Moreover, AM methods facilitate the large number of reproducible anatomical geometries of the scaffolds with desired properties that match hard tissues or bone defects in patient-specific manner (Zhang et al., 2019).




ADDITIVE MANUFACTURING TECHNIQUES

AM of materials has shown a great potential in fabricating patient-specific scaffold using layer-by-layer deposition in a controlled and precise manner. This method was first introduced by Charles W. Hull in 1986, named stereolithography (Hull, 1986), and since then, various types of methods or techniques have been emerged to create detailed or complex 3D constructs that mimic the internal and external architecture of the targeted (patient-specific) site (Kruth, 1991) to initiate tissue regeneration via cell attachment, proliferation, migration, and differentiation (Maroulakos et al., 2019). Typically, the volumetric model (computer-aided manufacturing) of patient-specific tissue or site is designed from raw anatomical data of medical imaging technology, mainly computed tomography (CT), and magnetic resonance imaging (MRI), and then transferred to a 3D printer system. Finally, 3D-printed constructs are fabricated using particular 3D printing systems in a layer-by-layer addition of cell-free or cell-encapsulated biomaterial inks (Hollister, 2005; Moreau et al., 2007; Maroulakos et al., 2019). The printing of cell-free or cell-encapsulated biomaterial inks can be categorized as 3D printing or 3D bioprinting technology. It is worth pointing out that 3D printing/bioprinting produces stable designed architectures, while native physiological 3D micro-/nanoenvironment is dynamic and complex. Therefore, there is the need for the incorporation of time-dependent responsive changes against environmental stimuli/factors in 3D-printed constructs, which can change form after printing and may provide desired function compatibility during simultaneous tissue regeneration. Recently, the fourth dimension (4D) in terms of “time” was introduced in 2014, and this approach is known as 4D printing/bioprinting technology (Gladman et al., 2016; Li et al., 2016; Haleem et al., 2019). This provides one more dimension of transformation (shape and function) over time under physical, chemical, and biological stimuli for smart or programmable materials. The 4D-printed biomaterials serve more compatibility with dynamic tissues under regeneration process over stable 3D-printed biomaterials (Javaid and Haleem, 2019; Liu Y. S. et al., 2019). However, this technology still lacks printing complex architectures for regenerating dynamic and complex tissues due to the three-axis printing process. Therefore, most recently, a new five-axis printing technology, called 5D printing, has emerged to print complex and strong architectures with curved surfaces in multiple dimensions compared to 3D-/4D-printing technologies. Moreover, 5D-printing technology seems to have the ability to print complex-shaped biomaterials or organs in tissue engineering, especially in orthopedics (Haleem et al., 2019).

A schematic representation of the emergence of printing technology is shown in Figure 1.


[image: Figure 1]
FIGURE 1. Emergence of printing technology: (A) 2D/3D conventional, (B) 3D printing, (C) 3D bioprinting, (D) 4D bioprinting, and (E) 5D bioprinting.


Furthermore, 3D printing/bioprinting can be categorized into three ways: (1) inkjet printing, (2) laser-assisted printing, and (3) microextrusion printing (see Figure 2). All these techniques follow the same coordinated spatial motion while differing in their ink-dispensing mechanisms (Malda et al., 2013). In this case, inkjet printing facilitates the delivery of controlled volumes of liquid (drop-on-demand) to predefined site of the material via different mechanisms (e.g., thermal, acoustic, microvalve) (Saunders et al., 2008). Laser-assisted printing facilitates laser-induced forward technology, where laser pulse is transferred to the absorbing layer (a transparent glass slide coated with laser-energy absorbing layer) and then generates a high-pressure bubble on directed layer of cell-free or cell-encapsulated biomaterial inks and cause to move the inks drop by drop toward the receiving printing surface (e.g., stereolithography, selective laser sintering, or melting) (Guillotin et al., 2010). In addition, microextrusion printing is a robotically controlled dispensing system (e.g., print head, dispensing nozzle, and printing stage), where dispensing nozzle can be mechanical (e.g., piston, screw) or pneumatic (e.g., air, compressed gas) type (Khalil and Sun, 2007; Ozbolat and Hospodiuk, 2016) and facilitates the formation of continuous ink layers or filaments, rather than droplets (e.g., fused deposition modeling, direct-ink writing). In this case, 3D printing of bioceramics, especially hydroxyapatite (HAp), has provided a positive impact on optimal mechanical properties and osteogenic ability in vitro and in vivo (Wu et al., 2012; Wang X. et al., 2019).
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FIGURE 2. Common additive manufacturing methods for printing of complex constructs. Adapted from Malda et al. (2013) with permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.



Bioceramics

Bioceramics are considered often as the inclusion of both amorphous and crystalline inorganic biomaterials. They are typically categorized as synthesized inorganic materials having crystalline structure, which are often called “bioceramics” without any other specification, and synthesized inorganic amorphous materials that are referred to as bioactive glasses. Bioceramics have significantly been used for the repair or replacement of damaged hard tissues for more than 50 years due to their excellent biocompatibility, osteoconductivity/osteoinductivity, and close compositional and mineralogical similarity to the inorganic component of the bone (Hench, 2006; Lin et al., 2014; Kaur et al., 2019; Zhou et al., 2019). In general, bioceramics include a wide range of calcium phosphates based on their Ca/P molar ratio and compositions [e.g., amorphous calcium phosphates (Ca/P: 1.2–2.2), α-tricalcium-phosphate (Ca/P: 1.5, very quickly resorbable), β-tricalcium-phosphate (Ca/P: 1.5, more slowly resorbable compared to the α form), HAp (Ca/P: 1.67, non-resorbable unless in a nanometric form) (Dorozhkin and Epple, 2002; Sadat-Shojai et al., 2013; Kumar et al., 2014, 2017a)], calcium silicates (tricalcium silicates, β-calcium silicates) (Xu et al., 2008; Yang et al., 2017), bioactive glasses (e.g., silicate-, borate-, borosilicate, phosphate-, doped-, and mesoporous bioactive glasses) (Kumar et al., 2017c; Baino, 2018; Kargozar et al., 2018a,b,c), and bioactive glass-ceramics (partially crystallized materials formed via controlled nucleation and crystallization of glass) (Chen et al., 2006; Suwanprateeb et al., 2009; Caddeo et al., 2019). Calcium phosphate bioceramics have also been successfully proposed for application in contact with soft tissues (Al-Kattan et al., 2012; Celik et al., 2015; Sarda et al., 2016), but this review article is focused on hard tissue regeneration. The schematic representation of the different types of bioceramics is shown in Figure 3.


[image: Figure 3]
FIGURE 3. Schematic of the different types of bioceramics.




Hydroxyapatite

Bone is a complex biocomposite of type I collagen fibrils and HAp [Ca10(PO4)6(OH)2], where collagen, HAp, and water amounts are 70, 20, and 10%, respectively, of the total bone. The main mineral form in mammals is a hydroxyl-deficient and carbonate-rich apatite (i.e., biological apatite) with Ca/P molar ratio <1.67 (Dorozhkin and Epple, 2002; Liu et al., 2013; Sadat-Shojai et al., 2013; Jiang et al., 2015; Szcze et al., 2017). However, HAp found in dentin, enamel, bone, and other natural resources generally does not have this molar ratio because carbonate ions and other impurities replace some phosphate groups (PO4), and thereby, bone mineral is more specifically referred to as calcium-deficient carbonated apatite (LeGeros, 2002). Therefore, synthetic HAp possesses similar chemical formula and properties as the main inorganic component (i.e., biological apatite) of both hard tissues (bone and teeth) and has extensively been applied in orthopedic and dental applications for hard tissue repair or regeneration. The use of HAp as a bone substitute includes partial or complete augmentation of bone, filling teeth and bones, or as coating materials on orthopedic and dental implants (Goloshchapov et al., 2019). In the last decades, artificial bone grafts with only HAp or surface coatings with HAp or HAp/polymer-based biomaterials have broadly been developed and investigated. However, the mechanical performance and porous interconnected structure are other important factors, apart from its biocompatibility and biomineralization ability. In addition, HAp-based biomaterials should have proper osteoconductivity and osteointegrative properties (Huang et al., 2011; Xiao Q. et al., 2016; Xiao W. et al., 2016; Szcze et al., 2017). The properties of HAp can be designed and tailored by applying different synthesis routes, which are well-described in the literature (Dorozhkin, 2017). Among the others, a novel synthesis method involves the production of macroporous HAp scaffolds by the pyrolysis of wood: this strategy might be very promising to obtain 3D hierarchical structures with interconnected porosity for orthopedic surgery (e.g., long bone repair) (Tampieri et al., 2009; Ruffini et al., 2013).

HAp exhibits the slowest degradation rate when compared to other calcium phosphates. HAp shows higher stability in aqueous media compared to other calcium phosphates in the range of 4.2–8.0 pH values. In addition, the slight imbalance in Ca/P molar ratio has significant impact on HAp composition, where α-tricalcium phosphate (α-TCP) or β-TCP may be present if the Ca/P molar ratio is lower than 1.67, and calcium oxide may be present with HAp phase if Ca/P molar ratio is higher than 1.67. This change in HAp phase may affect biological response of the implant adversely in vivo. In certain conditions, it might be beneficial, but it is necessary to match the rate of resorption with that of expected hard tissue regeneration. Calcium phosphate with higher solubility is only limited to be used in defect filling and bone cavity. TCP (Ca/P: 1.5) resorbed more rapidly compared to HAp. For example, in the mixture of HAp and TCP [known as biphasic calcium phosphate (BCP)], the higher TCP content in BCP has high dissolution rate. Therefore, the materials with Ca/P molar ratio <1 are not suitable for biological implantation due to their high solubility (Best et al., 2008).

When implanted, the partial dissolution of Ca2+ ions and [image: image] ions from HAp leads to the formation of a carbonated-apatite layer via precipitation and intermixing with proteins (Porter et al., 2005). This formed layer as substrate facilitates the proliferation and differentiation of osteoblastic cells, thus preventing the development of a fibrous capsule around the implant material (Rokusek et al., 2005). The quality of the interaction at the bone–implant interface increases with the increased formation of this apatite-like layer (Ducheyne and Qiu, 1999). Therefore, this reactivity (i.e., bioactivity) can be improved by the replacement of phosphate ([image: image]) ions with carbonate ([image: image]) ions (Barralet et al., 2003) or silicate ions (San Thian et al., 2006). Although higher reactivity is found in BCP, α-TCP, and β-TCP, the limiting factor of their use is the high dissolution speed or resorption of the biomaterial, where dissolution rate and bone ingrowth need to be matched properly (Woesz and Best, 2009).

Moreover, HAp itself has a great potential as bone or teeth filler or as coating biomaterial, but the use of HAp with polymeric system is of even higher interest in producing composite materials with good bioactivity and compressive strength/modulus due to HAp, while toughness, flexibility, and biodegradability are provided by the polymer network. However, the major challenge is to obtain homogeneous dispersion of HAp into polymeric matrix and their adhesion to each other (Szcze et al., 2017). HAp has a supportive role in adhesion, growth, proliferation, and differentiation of osteogenesis-related cells. Its excellent biocompatibility has been proven by many previously conducted studies, and HAp-based commercialized products are available on the market for a long time (Dorozhkin, 2017). With the advent of nanotechnology, it was possible to produce HAp particles below 100 nm having new features such as biodegradability and extra-functionalities. In this regard, Wu et al. recently reported that HAp nanoparticles possess intrinsic antibacterial effects against both Gram-positive and Gram-negative strains (Wu et al., 2018).

Bacterial infection during bone tissue regeneration is also a major challenge, where this bacterial colonization leads to an infection in tissue followed by implant failure. Treatment using antibiotics is one of the solutions to limit this problem, but the increased bacterial resistance associated to the abuse of antibiotics is another challenge in this area. In this advancement, the introduction of magnesium oxide (MgO) in the HAp was reported to reduce the bacterial growth and biofilm formation in a concentration-dependent fashion; compared to conventional HAp, Mg-doped HAp showed superior antibacterial behavior and biofilm inhibition with equal or above 3 wt-% of MgO for Staphylococcus aureus as well as non-toxic behavior and did not facilitate the production of reaction oxygen species by the cells (Coelho et al., 2019). In addition to Mg2+ ions, a series of antibacterial metal ions can be incorporated into HAp structure to reduce the risk of bone infections and to improve bone regeneration. Monovalent (Ag+ and F−), divalent (Zn2+, Cu2+, and Sr2+), and trivalent (Ce3+ and Ga3+) ions show antibacterial activities against a broad spectrum of both Gram-positive and Gram-negative species (Sahithi et al., 2010; Samani et al., 2013; Gopi et al., 2014; Kargozar et al., 2018c; Law et al., 2018; Pandey et al., 2018; Wang Q. et al., 2019). Bhattacharjee et al. (2019) recently assessed the important effect of dopant site specificity on the antibacterial activity of Zn2+-doped HAp against Escherichia coli and S. aureus. Results clarified that the synthesized specimens exhibited antibacterial activities if Zn2+ ions are substituted in Ca2+ sites of HAp (leaching of the dopant was ~413 ppb), while they could not act as an antibacterial agent when Zn2+ ions are incorporated in OH− channels of HAp, related to the restricted dopant leaching (~5.28 ppb). In some cases, researchers took benefits from codoping of antibacterial ions with other osteogenic ions (e.g., Sr2+ ions) to promote the bone healing process. For example, Sundarabharathi et al. (2019) could successfully develop Ce3+-Sr2+ codoped nano-HAp by sol–gel-assisted precipitation method. The obtained results showed that higher antibacterial activity was related to the Ce3+-doped HAp; however, lowered apatite-forming ability and biocompatibility were observed in this group. Although Sr2+-doped samples showed better cytocompatibility, dual doped samples with Sr2+/Ce3+ simultaneously exhibited antibacterial activity (against S. aureus and Pseudomonas aeruginosa strains), cytocompatibility, apatite-forming ability, as well as the high thermal stability up to 700°C, which are all favorable characteristics in bone implant applications. More recently, a ternary dopant system of ZnO-, SiO2-, and Ag2O-substituted plasma sprayed HAp coating was developed by Vu et al. for orthopedic and dental applications (Vu et al., 2019). The authors added ZnO (0.25 wt-%) to induce osteogenesis, SiO2 (0.5 wt-%) to induce angiogenesis, and Ag2O (2.0 wt-%) to provide secondary infection control within a plasma-assisted HAp coating. The doped HAp samples showed antibacterial properties against E. coli and S. aureus. The data obtained from 5 and 10 weeks of implantation in Sprague–Dawley rats revealed significant improvements in bone mineralization and total bone formation (32 and 68%, respectively) in comparison to undoped samples (11 and 55%, respectively). A complete picture of the synthesis methods and properties of ion-doped HAp can be found elsewhere (Cacciotti, 2019; Hidouri et al., 2019).

Local delivery of antibiotics using HAp has also been suggested as an effective approach in strategies aiming to control bone infections (Safi et al., 2018). On this object, a series of natural chemicals (e.g., peppermint essential oil) and antibiotics (e.g., vancomycin) were loaded into bare and metal-doped HAp (Devanand Venkatasubbu et al., 2011; Yu et al., 2014; Badea et al., 2019). Functionalizing HAp by various chemical agents results in having a prolonged local antibiotic delivery (Leprêtre et al., 2009). In 2018, Lazic et al. functionalized rod-like HAp particles with 5-aminosalicylic acid (5-ASA), resulting in the formation of chemical bonds between HAp surface and adjacent hydroxyl and carboxyl groups from 5-ASA (Lazić et al., 2018). This bonding leads to leave amino groups of 5-ASA free to reduce Ag+ ions to metallic silver and subsequent antibacterial activity of the samples in a harmless dose to the environment (1 mg L−1).




ADDITIVE MANUFACTURING OF HAp-BASED MATERIALS

The advantage of AM methods is to produce rapid and consistent manufacturing of target-specific scaffolds that perfectly match with biological complexity of hard tissues (Leukers et al., 2005). The printing of neat HAp scaffolds is very difficult to obtain; they may be processed with sacrificial (e.g., polymers) or other involved materials (e.g., ceramics and bioactive glasses) to produce 3D-printed constructs with controlled architecture and porosity. In this advancement, for hard tissue regeneration, various AM methods have been used to prepare only HAp or HAp-based 3D-printed constructs, and the produced inks can be categorized into two groups as cell-free and cell-encapsulated biomaterials inks. Therefore, the recent advances by taking only HAp or HAp as one of the components are described in the following sections (as shown in Figure 4).


[image: Figure 4]
FIGURE 4. Schematic of the summary of hydroxyapatite (HAp)-based printed materials for hard tissue regeneration.



Only HAp-Based Printing Materials

Although HAp is extensively being considered for hard tissue regeneration because of its presence in native extracellular matrix (ECM) of bone tissue, very extensive research has not been carried out on pure HAp printed materials due to the lack of bonding and flowability for printing process. Therefore, for the printing of HAp, various types of sacrificial materials have extensively been used. In this case, only HAp-based 3D-printed complex structures (pore size = 500 μm) with high resolution have successfully been prepared using extrusion-based 3D printing, where polymeric additive was used as a binder. These scaffolds facilitated good in vitro bone cell (MC3T3-E1) attachment and proliferation (Leukers et al., 2005). In another study, three types of anisotropic 3D-printed HAp cylindrical shapes with interconnected pores as prepared by 3D printing (Generis, GmbH, Germany) facilitated the differentiation of human multipotent dental neural crest-derived progenitor cells (Fierz et al., 2008). Other authors fabricated two different HAp-based scaffolds using dispense plotting and negative mold method: it was found that dispense-plotted scaffolds exhibited higher cell proliferation, and negative molded scaffolds showed higher cell differentiation (Detsch et al., 2008). Furthermore, an indirect rapid prototyping technique combined with ice-templating (using sacrificial template) or 3D-printed wax mold has been used for producing HAp scaffolds (Charbonnier et al., 2016; Roleček et al., 2019). In addition, the effect of sintering process parameters on 3D-printed HAp scaffolds using selective laser sintering was analyzed, where HAp particles gradually grew and acquired a “spherical-like” shape from the initial “needle-like” shape while still maintaining a nanoscale structure at scanning speed between 200 and 300 mm/min (laser power, 50 W; light spot diameter, 4 mm; layer thickness, 0.3 mm) (Shuai et al., 2011).

Furthermore, Zhang et al. prepared different types of HAp-based powders [nanosized grains powder (NP), 30–50 nm; air-jet milling powders, 10–30 μm; and spherical powders (SP), 10–50 μm in diameters] that were further used for printing HAp scaffolds using inkjet 3D printing (ALPHA-BP11, Beijing Sunp, Biotech), where poly(vinyl butyral) was used as binder. The results showed good printed porous scaffolds using AP and SP formulations, while NP was found unsuitable for printing due to its dramatic shrinkage behavior (Zhang et al., 2018). Shao et al. prepared 3D-printed porous HAp scaffold (porosity, 52.26% and pore size, 350 × 350 μm) with sacrificial polyacrylamide network using extrusion-based 3D gel printing. In this case, the maximum compressive strength and elastic modulus of sintered HAp scaffold were 16.77 ± 0.38 and 492 ± 11 MPa, respectively. In addition, scaffolds showed 10.38% rate of weight loss after the incubation in Tris–HCl solution for 5 weeks (Shao et al., 2019). Liu et al. prepared sintered HAp scaffolds using digital light processing method. For printing of HAp scaffold, HAp powder, photopolymer, and liquid sodium polyacrylate were milled, and then, a slurry was prepared. The produced 3D-printed scaffolds showed good porosity (49.8%) with pore size ranging within 300–400 μm and compressive strength of 15.25 MPa along with excellent biocompatibilities and promotion of osteoblast attachment, proliferation, and differentiation (Liu Z. et al., 2019). In addition, Pei et al. introduced a two-step method consisting of extrusion-based 3D printing and microwave sintering to prepare dual-hierarchical porous scaffolds, where 3D printing creates a well-controlled macroporous structure and microwave-sintering creates a microporous network on the macroporous surface and demonstrated the role of micropores in scaffold-driven bone formation following intramuscular implantation (Pei et al., 2017).

Kumar et al. investigated the effect of two different binder types [sodium alginate (SA) and maltodextrin] in fabricating Hap-printed scaffolds using BioScaffolder 2.1 (GeSiM, Germany), where the optimized printed scaffolds showed porous architecture (up to 74% porosity). Under compression, both sintered scaffolds showed progressive deformation and delayed fracture, while HAp-SA scaffold exhibited higher compressive strength (~9.5 MPa) than HA-maltodextrin scaffold (~7.0 MPa) (Kumar et al., 2016b). The addition of SA in the HAp-based composite slurry significantly enhanced the quality of the printed and sintered HAp 3D scaffold with controlled porosity and architecture, where HAp-SA scaffolds were printed by a microsyringe extrusion freeforming system (MAM Micro-Droplet Jetting, Fochif, China). The sintering temperature had a significant effect on the microstructure, linear shrinkage, and water absorption of HAp/SA printed scaffolds that exhibited rougher surface with submicrometer pores interconnectivity and microparticles on it at a relative lower sintering temperature (i.e., 1,000°C) (Zhou et al., 2015). The addition of PVA to HAp also facilitated the flowability in printing of 3D scaffolds using a ZPrinter 310+3D printer (ZCorporation Inc., USA; now owned by 3D Systems Inc., USA), which allowed varying the microstructure, porosity, and mechanical properties of green scaffolds according to printing along the X- and Y-axes. This also affected the removal of PVA degradation products during sintering process. The scaffolds printed in Y-axis showed higher compressive strength (0.88 ± 0.02 MPa, falling within the lower range for cancellous bone) than that of X-axis (0.76 ± 0.02 MPa), but traces of PVA degradation products were observed after heat treatment in case of scaffold printed in Y-axis. Moreover, HAp scaffolds with non-designed porosity of 55.1 ± 0.9% were printed using a commercial 3D printer (Cox et al., 2015). Furthermore, sintered 3D-printed HAp scaffolds, prepared by 3D plotter (BioScaffolder 2.1, GeSiM, Germany) and coated with ECM deposited by osteoblasts (dECM), demonstrated the role of cell-laid ECM (i.e., natural ECM analog surface) in facilitating biological response to mimic native ECM. In this study, dECM ornamented HAp surface and provided an optimized 3D microenvironment conducive to the 3D growth of structural tissue with improved expression of prominent proteins, actin, and vinculin, and promoted cell–cell and cell–dECM–HAp interactions. Schematic of 3D-printed scaffold, sintered 3D-printed scaffold of HAp, SEM image of printed scaffold, and high-resolution micro-CT image of HAp printed-scaffold are shown in Figure 5 (Kumar et al., 2016c).


[image: Figure 5]
FIGURE 5. Schematic of 3D-printed scaffold (a), sintered 3D printed-scaffold of HAp with well-defined pores (b), SEM image of printed scaffold showing densified microstructure of the strut surface with approximate grain size of 1 μm (inset) (c), and high-resolution micro-CT image of HAp-printed scaffold (d). Reproduced from Kumar et al. (2016c) with permission from Wiley Periodicals, Inc.


Catros et al. used an alternative printing method (i.e., laser-assisted bioprinting) and investigated laser printing parameters for patterning and assembling of bioink composed of HAp and human osteoprogenitors in 2D and 3D systems, where physicochemical behavior of HAp and cell viability, proliferation, and phenotype have not been altered over a time duration of 15 days (Catros et al., 2011). High affinity of HAp with bone morphogenetic proteins (BMPs) exhibited a great potential in bone tissue regeneration (Jun et al., 2013). 3D-printed HAp-based scaffolds prepared using an extrusion-deposition system (MAM-II, Fochif, China) have been developed by the coating of microspheres containing recombinant human BMP (rhBMP-2), collagen, and chitosan for the delivery of rh-BMP-2 to improve human mesenchymal stem cells (hMSCs) cell attachment and proliferation. The in vitro results showed good cell attachment and long-term localized biphasic release of rhBMP-2, and further in vivo results showed improved and desired bone regeneration ability of the coated scaffolds compared to conventional scaffold (Wang et al., 2016).

Although HAp provides excellent biomineralization and osteogenic behaviors, the main disadvantage of only HAp-based scaffolds is their non-biodegradability, which limits their confident use in bone regeneration.



HAp–Other Inorganic-Based Materials

To improve the bioactivity, mechanical properties, osteoconductivity, and osteogenic ability, some other inorganic materials [e.g., graphene nanoflakes, wollastonite (WT)] have been somehow incorporated into HAp. In this case, in situ synthesis of HAp/apatite (AT)-WT glass-ceramic composites was used for 3D printing of scaffolds (Z400, Z Corporation, USA), the mechanical properties of which were characterized at different sintering temperatures. The results showed mean green strength of 1.27 MPa, while strength and flexural modulus after sintering at 1,300°C for 3 h were 76.82 MPa and 34.10 GPa, respectively. In addition, 3D-printed HAp/AT-WT composites showed non-toxicity and biomineralization ability (Suwanprateeb et al., 2009). Furthermore, 3D-printed HAp (15%)/β-TCP (85%) composite scaffolds coated with BMP-2 and dipyridamole (it blocks cellular uptake of adenosine thereby increasing local adenosine levels) have been prepared using robocasting method. Here, an enhanced bone formation and remodeling in HAp/β-TCP–dipyridamole and HAp/β-TCP–BMP-2 scaffolds was observed (Ishack et al., 2017). In another study, HAp and β-TCP having two different sizes have been used with calcium sulfate (CaSO4) and facilitated the 3D printing of solid constructs using a thermal ink-jet 3D printer (Zcorp 310, Z Corporation, UK) with a water-based binder. In this study, effects of HAp, β-TCP, particle size, and ratio of HAp/CaSO4 or β-TCP/CaSO4 on 3D printing process were evaluated. The results showed significant enhancements in printing parameters in the case of HAp or β-TCP (30–110 μm)/CaSO4 powders compared to HAp or β-TCP (<20 μm)/CaSO4 powders. Furthermore, HAp/CaSO4 powders exhibited better results than β-TCP/CaSO4 powders, and high-quality 3D-printed solid constructs with a high printing accuracy and an appropriate green compressive strength were fabricated from the optimized powder ratios (Zhou et al., 2014).

Jakus and Shah in 2017 prepared cell-free 3D-printed constructs composed of HAp microspheres [hyperelastic bone (HB)] and 3D graphene nanoflakes [3D graphene (3DG)] materials. In this study, three different printing inks were prepared as HB, 3DG, and HB−3DG (1:1) hybrid systems. The resulting HB−3DG printing inks in 3D-printed structures using 3D Bioplotter (EnvisionTEC, GmbH, Germany) showed mixed properties of these two components while maintaining their printability, flexibility, and electrical conductivity. In addition, HB−3DG-printed construct showed good cell viability and proliferation with MSCs and, furthermore, significantly upregulated both osteogenic and neurogenic gene expression over 14 days. However, HB−3DG-printed constructs exhibited microstructural, mechanical, and electrical (to some extent) properties more similar to 3DG compared to HB. The developed printed constructs may serve for transition zones between two distinct tissue types by mimicking the characteristic gradients present in native multitissue interfaces as complex tissues (Jakus and Shah, 2017). Digital images of HB, 3DG, and HB−3DG, their corresponding SEM images of the fiber surfaces along with cross-sections and fiber porosity (%) are given in Figure 6.


[image: Figure 6]
FIGURE 6. (A) Digital images of HB, 3DG, and HB−3DG and their corresponding SEM images of the fiber surfaces along with cross-sections. Yellow-dotted circle lines represent hydroxyapatite (HAp) particles within the graphene matrix in HB−3DG. (B) Porosity (%) within HB, 3DG, and HB−3DG-printed fibers (*p < 0.05, error bar represents standard deviation). Reproduced from Jakus and Shah (2017) with permission from Wiley Periodicals, Inc.




HAp/Polymer-Based Printing Materials

Pure HAp-based 3D-printed constructs exhibit average geometrical options, low mechanical performance, and flexibility, which limit their confident use for hard tissue regeneration. Therefore, various methods have been developed for 3D printing of HAp/polymer-based materials, which actually exhibit promising results both in vitro and in vivo. In this case, polymeric material provides the excellent flexibility and biodegradability (e.g., hydrolysis, cellular, or enzymatic degradation) in designing scaffolding materials. Therefore, HAp has been widely combined with natural and/or synthetic polymers for a variety of hard tissue engineering applications (Zhang et al., 2019).



HAp/Natural Polymer-Based Materials

Ardelean et al. in 2018 prepared 3D-printed material composed of HAp/collagen (HAp/COLL) using 3D Bioplotter (EnvisionTEC), and the results showed that the printed material exhibited a good cellular response in culture medium similar to standard culture medium (Ardelean et al., 2018). Huang et al. (2019) prepared HAp/silk fibroin (SF) nanocomposite particles using in situ precipitation and then used this material for the fabrication of 3D-printed scaffolds by 3D Bioplotter (EnvisionTEC GmbH, Germany), using SA as a paste binder. The obtained 3D-printed scaffolds showed good porosity (70%) with interconnected pores (−400 μm) and relatively high compressive strength (>6 MPa). In addition, all scaffolds showed good in vitro biomineralization activity in simulated body fluid (SBF) while maintaining steady pH of the medium and cell attachment and penetration. It was also observed that an increased amount of SF in HAp/SF nanocomposite led to better cell proliferation, alkaline phosphatase activity, and sustained release of drug over a 5-day test duration (Huang et al., 2019). In another study, calcium phosphate paste has been prepared by involving HAp (4 wt-%) as a component and, separately, chitosan/dextran sulfate microparticles encapsulating bovine serum albumin (BSA) or vascular endothelial growth factor were prepared. Freeze-dried microparticles and calcium phosphate were mixed easily and printed in water-saturated atmosphere (humidity) using BioScaffolder 2.1 (GeSiM mbH, Grosserkmannsdorf, Germany) to avoid early loss of loaded proteins. The produced printed humidity-set scaffolds exhibited good cytocompatibility, and maintained bioactivity of vascular endothelial growth factor has been established by indirect and direct culture analysis with endothelial cells (Akkineni et al., 2015).



HAp/Synthetic Polymer-Based Materials

Dental or tooth regeneration using cell delivery confronts translational obstacles. Synthetic polymers have been used extensively with HAp to print HAp-based scaffolds due to their easy structural manipulability, flexibility, and versatile mechanical performances. In the recent times, several studies involving HAp with poly(L-lactide) (PLA) (Russias et al., 2007; Ronca et al., 2013; Liu et al., 2016), poly(lactide-co-glycolide) (PLGA), poly(epsilon-caprolactone) (PCL) (Russias et al., 2007; Yao et al., 2015; Gómez-Lizárraga et al., 2017; Kim et al., 2018; Vella et al., 2018), and poly(propylene fumarate) (PPF) (Lee et al., 2009; Trachtenberg et al., 2016, 2017) have been reported in the literature. Russias et al. produced PLA or PCL/HAp (70 wt-%) as hybrid organic/inorganic scaffolding constructs with controlled porous microstructures using robotic-assisted deposition (3D inks, Stillwater, OK, USA) at room temperature. For comparison, PLA/6P53B glass (70 wt-%) (c) printed scaffolds have also been printed. The produced printed constructs did not show significant degradation after 20 days incubation in SBF. Furthermore, all printed scaffolds showed an apatite globular formation on their surface (Russias et al., 2007). Schematic of the robocasting process, the digital and synchrotron X-ray computed tomographical images of printed scaffolds, and their SEM images, including after 20 days incubation in SBF, are shown in Figure 7.


[image: Figure 7]
FIGURE 7. (A) Schematic of the robocasting process showing liquid flow via the nozzle (a), inks tend to swell after leaving the nozzle during printing and form a solid skin printed lines after evaporation of solvent (b), digital image of PLA/HAp (70 wt-%) printed scaffold of 17 layers (c), and 3D reconstructed image of PLA/HAp (70 wt-%) grid obtained by synchrotron X-ray computed tomography (d). (B) 3D reconstructed image of the junction between PLA/HAp (70 wt-%) printed filaments obtained by synchrotron X-ray computed tomography (a), SEM image showing homogenous distribution of HAp particles in PLA/HAp (70 wt-%) printed filament at higher magnification (b), homogenous PCL/HAp (70 wt-%), and PLA/6P53B glass (70 wt-%) printed filaments (c). (C) SEM image of PCL/HAp (70 wt-%) printed scaffold after 20 days incubation in SBF, where degradation on the surface of printed scaffold can be seen clearly. A nozzle having an internal diameter of 410 μm has been used for all printed scaffolds. Reproduced from Russias et al. (2007) with permission from Wiley Periodicals, Inc.


In another study, Duan et al. prepared scaffolds composed of carbonated HAp (CHAp) and PLA using selective laser sintering method, where CHAp/PLA scaffolds showed similar cellular response compared with neat PLA scaffold (Duan et al., 2010). In another study, PLA matrix has been reinforced with carbonatite HAp particles (cHAp) in different ratios (100/0, 95/05, 90/10, and 80/20) and printed using fused deposition modeling (FDM). The results showed low interaction between PLA and cHAp, and the compressive strength and moduli of elasticity of the scaffolds were observed to be reduced compared to neat PLA scaffold. However, PLA/cHAp scaffold (80/20) showed better properties than other compositions (Oladapo et al., 2019). Furthermore, thermomechanical response of HAp/PLA-printed scaffolds using CubePro Trio (3D Systems, Inc) by fused filament fabrication has been analyzed. The results showed reversible PLA phase transformation at ~60°C and irreversible above 90°C, and the scaffolds exhibited an enhanced shape memory effect and mechanical properties with the incorporation of HAp (Sui et al., 2019). Furthermore, HAp/PLA scaffolds with recovery stress of 3.0 MPa have been prepared using CubePro Trio (3D Systems, Inc) by fused filament fabrication, where HAp served as nucleation centers and provided an additional rigid fixed phase that reduced molecular mobility. The results showed that the shape recovery of these HAp particles inhibited crack growth during compression–heating–compression cycles and 15% HAp/PLA scaffold with 98% shape recovery could be used as self-fitting bone implants (Senatov et al., 2016).

The incorporation of HAp into PCL matrix showed good compatibility and printability. In addition, HAp/PCL blends showed shear-thinning behavior and higher elastic modulus than TCP/PCL blends at low frequencies for the same ceramic content (Huang and Bártolo, 2018). Xia et al. prepared HAp/PCL printed scaffold using selective laser sintering method. The resulted scaffolds showed well-ordered macropores and interconnected micropores with good porosity (~70–78%), as well as good compressive strengths (1.38–3.17 MPa) for bone repair. HAp/PCL-printed scaffolds exhibited excellent in vitro biocompatibility (even more bioactive) and increased release rate of rhBMP-2 than PCL scaffolds. In vivo study demonstrated that HAp/PCL-printed scaffolds showed improved efficiency of bone formation than PCL scaffolds when implanted in rabbit femur defects for 3, 6, and 9 weeks (Xia et al., 2013).

In another study, granular hybrid material composed of calcium phosphate microparticles (Ca-polyP-MP) and PCL has been prepared and liquefied by short-term heating to 100°C to print tissue-like scaffolds using 3D Bioplotter (EnvisionTEC, Gladbeck; Germany). The results showed suitable biomechanical properties matching those of trabecular and cortical bone with morphogenic activity. In addition, 3D-printed scaffold exhibited apatite formation and the growth of human bone-related SaOS-2 cells and upregulated the cell-migration-inducing chemokine stromal-derived factor-1a (SDF-1a) (i.e., steady-state expression) (Neufurth et al., 2017). The shifted pattern in 3D-printed HAp/PCL scaffolds produced using a melt-extrusion-based 3D plotter had better cell attachment as well as lower compressive modulus than the 3D-printed PCL and HAp/PCL scaffolds without the shifted pattern. In addition, the cell proliferation and differentiation on the 3D-printed scaffolds was observed in the following order: shift-patterned HAp/PCL > HAp/PCL > PCL (Park et al., 2011). Furthermore, in HAp/polymer composites, generally, polymer makes a thin-film coating over the HAp particles on the outer surface of the scaffolds and inhibits the original biomineralization characteristics of HAp particles. To prevent this behavior, Cho et al. proposed an alkaline erosion method to expose the HAp particles covered by a thin film of polymer (i.e., PCL) and prepared 3D-printed HAp/PCL scaffolds using melt-extrusion-based 3D printing followed by alkaline erosion. In this study, the proposed alkaline erosion showed little effect on the structure and mechanical properties of the 3D-printed scaffold and improved the cell proliferation and biomineralization (Cho et al., 2019a).

The autogenous vascularization in bone grafts is often required for the reconstruction of both small and large complex craniofacial bone defects. For this consideration, Kuss et al. (2017) extracted the stromal vascular fraction from the adipose tissues by maintaining the phenotypes and the growth of endothelial lineage cells and then used them in the 3D bioprinting of bioinks (HAp/PCL hydrogel + cells) using a nozzle-deposition system (GmbH EnvisionTEC 3D BioplotterTM) followed by conditioning in either normoxia or hypoxia. In this case, vascularization-related gene expression was promoted in short-term hypoxic conditioning, while cell viability and vascularization were impaired in long-term hypoxia. In addition, in vitro and in vivo formation of microvessels by integration with existing host vasculature was promoted without affecting osteogenic differentiation of stromal vascular fraction cells due to short-term conditioning (Kuss et al., 2017).

Kim et al. prepared HAp/PCL scaffolds using 3D bioprinting and implanted them without cell delivery. Here, in vivo analysis in rat incisor scaffold, where SDF-1 and bone morphogenetic protein-7 were provided in the scaffold microchannels, showed the formation of tooth-like structures and periodontal integration using the homing cells. In addition, SDF-1 and bone morphogenetic protein-7 significantly recruited the more endogenous cells and elaborated higher angiogenesis compared to growth factor-free control scaffolds (Kim et al., 2010). Furthermore, HAp (7%)–PPF/diethyl fumarate scaffolds were prepared using microstereolithography method, and these scaffolds with micro-/nanoscale morphology exhibited better cell attachment and proliferation than that of PPF/diethyl fumarate scaffolds (Lee et al., 2009). Trachtenberg et al. investigated the extrusion-based 3D printing of PPF in full-factorial design by evaluating four factors such as concentration, printing pressure, printing speed, and fiber spacing (Trachtenberg et al., 2016) and further printed PPF incorporated with HAp (Trachtenberg et al., 2017).



HAp/Natural–Synthetic Polymer-Based Materials

There is a paucity of studies on this kind of tricomposite biomaterials in the current literature. In a very recent report, Koski et al. printed scaffolds composed of HAp, gelatinized corn starch (ST), and PCL (HAp-ST/PCL) using a slurry-extrusion-based solid-freeform fabricator. In this study, the incorporation of ST (as natural binder) showed high mechanical properties (from 4.07 ± 0.66 to 10.35 ± 1.10 MPa) more closely to resemble to cancellous bone. In addition, an improved in vitro human fetal osteoblast cell attachment and proliferation was observed on scaffolds in the presence of ST and PCL together (Koski et al., 2018).



HAp/Mixed Components Printed Materials

HAp has also been used as coating material for bioactive glasses. Motealleh et al. in 2017 robocasted 45S5 Bioglass (BG) scaffolds using a 3D printer (A3200, 3D inks, Stillwater, OK, USA) and coated them by HAp/PCL nanocomposite to improve the mechanical properties (compressive strength and fracture toughness) up to 200% (Motealleh et al., 2017). Touri et al. prepared 3D-printed scaffolds composed of 60% HAp and 20% β-TCP using robocasting method (a direct-write assembly), and further, the produced scaffolds were coated with various ratios of an oxygen releasing agent (i.e., calcium peroxide) encapsulated within PCL matrix, which was used for in situ production of oxygen at the implanted sites. The results showed sustained release of oxygen (dependent on the concentration) that could promote bone ingrowth with enhanced osteoblast cell viability and proliferation under hypoxic conditions (Touri et al., 2018).

Kim et al. printed PLGA/β-TCP scaffolds with simple and complex design using FDM and coated them with HAp. The HAp-coated or uncoated PLGA/β-TCP scaffolds, as implanted in rabbit femoral unicortical bone defects, were shown to have good biocompatibility and integration with the host bone. All implant sites showed normal-appearing tissues without swelling and tissue necrosis; no clinical complications (i.e., infection, wound failure, or exudate) have been detected at the implant sites (Kim et al., 2012).

Chen et al. developed 3D-printed composite scaffolds composed of HAp, gelatin, chitosan, and carboxymethyl cellulose using a Regenovo Bioprinter (Regenovo Biotechnology, China); these scaffolds showed ~600 μm macroporosity and the ultimate compressive strength of 14.3 MPa for optimized composite scaffold (Chen et al., 2019a). In another study, a trilayered scaffold has been fabricated using extrusion-based multinozzle 3D printing for the regeneration of cartilage and subchondral bone simultaneously. In such trilayered scaffolds, top layer is only methacrylated gelatin (GelMA, 15%) for cartilage, interfacial layer is of both HAp (3%) and GelMA (20%), and the bottom layer is HAp (3%) and GelMA (30%) for subchondral bone. The results based on in vitro study showed good biocompatibility with bone marrow MSCs and in vivo repair of rabbit osteochondral defect using this trilayered scaffold, the neo-tissues integrated better with surrounding tissues, surface of joint was observed to be smoother, and more cartilage-specific ECM and collagen type II were formed compared to monophasic GelMA implant (Liu J. et al., 2019). In another study, a Si-doped HAp/gelatin (SiHAp-GE)-based composite slurry was used to fabricate porous constructs by nozzle-deposition system (GmbH EnvisionTEC 3D BioplotterTM) (Martínez-Vázquez et al., 2015). Liu et al. incorporated strontium (Sr) in HAp and used this material to print 3D SrHAp/PCL scaffolds using melt-blending filament in motor-assisted microsyringe (MAM). 3D-printed SrHAp/PCL composite scaffolds showed a sustained release of Sr and Ca ions, as well as significant cell proliferation and induced higher levels of BMSCs differentiation compared to neat PCL and HAp/PCL scaffolds. Furthermore, in vivo study showed promotion of bone regeneration significantly after the incorporation of SrHAp in the PCL scaffold (Liu D. et al., 2019).

Roh et al. reported the incorporation of HAp along with β-TCP into PLGA matrix for producing 3D-printed scaffolds (pore size, ~300 μm) using 3D Bioextruder, which then underwent surface etching by oxygen plasma treatment. In this study, the increased surface roughness and hydrophilicity of 3D-printed scaffold due to oxygen plasma treatment showed improved osteoblastic MC3T3-E1 cell attachment, proliferation, and differentiation, and the differentiation was further improved by the incorporation of HAp/β-TCP in the 3D-printed PLGA scaffold (Roh et al., 2016). Furthermore, the incorporation of Bio-Oss, decellularized bone matrix, and TCP in PCL matrix showed statistically lower print quality using FDM process than PCL and HAp/PCL scaffolds, but Bio-Oss/PCL and decellularized bone/PCCL hybrid materials exhibited more advantages for bone healing over HAp/PCL or TCP/PCL hybrid materials (Nyberg et al., 2017). Roh et al. also reported that addition of magnesium oxide (MgO)/HAp into PCL matrix and plasma-treated MgO–HAp/PCL-printed scaffolds prepared by a 3D Bioextruder were associated to improved osteoblastic MC3T3-E1 cell attachment, proliferation, and differentiation (Roh et al., 2017).

In another study, carbon nanotubes (CNTs, 0–10 wt-%) have been incorporated in a HAp/PCL composite system and 3D-printed CNTs-HAp/PCL scaffold by a nozzle-deposition system (GmbH EnvisionTEC 3D BioplotterTM) were prepared at room temperature and investigated. These 3D-printed scaffolds showed bone-like interconnected porous network (450–700 μm), good bioactivity, and the capability of promoting cell attachment and spreading; specifically, CNTs (2 wt-%)-HAp/PCL scaffolds exhibited the best combination of mechanical properties (i.e., compressive strength, 4 MPa) and electrical conductivity (Gonçalves et al., 2016). Figure 8 presents the schematic representation of the slurry preparation and printed scaffolds composed of PCL (50 wt-%) and HAp (40 wt-%) with or without CNT (10 wt-%), and their SEM image, including TEM image of composite system.
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FIGURE 8. (A) Schematic representation of the preparation of slurry. (B) Technical model (a), 3D simulation of this model (b), PCL(50)/HAp(40)/CNT10 printed scaffold (c), and PCL(50)/HAp(50) printed scaffold [side view (d) and top view (e)]. (C) SEM image of PCL(50)/HAp(40)/CNT10 printed scaffold and (D) composite surface at higher magnification of SEM image. (E) TEM image of the composite (inset: left side is electron diffraction pattern of HAp NPs and right side is high-resolution image of a crystal of HAp). Reproduced from Gonçalves et al. (2016) with permission from Wiley Periodicals, Inc.





POTENTIAL AND SIGNIFICANCE IN HARD TISSUE REGENERATION AND DRUG DELIVERY APPLICATIONS

HAp is one of the widely used materials regarding repair and regeneration of injured bones, either in the form of micro- and nanosized particle or as 3D scaffolds. Up to now, numerous studies have been conducted to evaluate the effects of HAp-based 3D-printed scaffolds on the structural and functional behaviors of differentiated cells (osteoblasts and osteoclasts) and undifferentiated cells (bone-marrow derived MSCs); it could promote osteogenesis-related genes and thereby enhance osteoblast differentiation (Gonçalves et al., 2016; Zheng et al., 2017; Huang et al., 2019; Li N. et al., 2019). As an illustration, 3D-printed HAp ceramics obtained by digital light processing showed the ability to improve the growth and proliferation of MC3 T3-E1 osteoblast precursor cell line as well as facilitate the cell adhesion and migration in vitro (Zeng et al., 2018). Furthermore, in vivo experimental studies have proven that 3D-printed scaffolds made of HAp and its composites could act as excellent bone replacements, thanks to proper osteoconductivity (Cho et al., 2019b; Sha et al., 2019). It should be mentioned that 3D-printed HAp scaffolds are also found as competent vehicles to deliver osteogenic growth factors like bone morphogenetic protein-2 for improving in vivo bone regeneration (Chen G. et al., 2019).

Although HAp chemical composition is similar to the mineral phase of native bone tissue, it was observed that stoichiometric HAp has no other valuable trace ions (e.g., Si4+, Sr2+, and Mg2+), which are regularly found in natural hard tissues (Yilmaz et al., 2018). Therefore, the synthesis and use of HAp doped with therapeutic ions in the form of 3D scaffolds have been carried out to make more effective HAp-based bone substitutes (Luo et al., 2018; Chen et al., 2019b). Recently, 3D-printed PCL/Sr-doped HAp scaffolds were used for enhanced bone regeneration in the cranial defect of rats (Liu Y. S. et al., 2019). The in vitro experiments showed a sustained release of Sr from the scaffolds, resulting in higher alkaline phosphatase activity and overexpression of osteo-related genes (collagen 1, osteocalcin, osteopontin, and RUNX2). In vivo implantation of these 3D-printed PCL/Sr-doped HAp materials led to accelerated bone regeneration in comparison to 3D-printed Sr-free PCL and PCL/HAp scaffolds. Other metallic dopants (e.g., silver) have also been incorporated into HAp to prepare 3D-printed scaffolds with more biological capabilities such as antibacterial activity (Suvannapruk et al., 2013).

In addition to ionic dopants, other parameters related to HAp particles and their 3D-printed scaffolds could be effective in directing cell fate (Ribeiro et al., 2010; Costa-Rodrigues et al., 2012; Li Q. et al., 2019) including pore architecture and surface topography of the scaffolds (orientation and roughness) (Roh et al., 2016, 2017; Barba et al., 2018). For example, it has been reported that the use of nanosized HAp particles in 3D-printed bone composite scaffolds (PCL/nanosized HAp particle) results in an enhanced adhesion, viability, and osteogenic differentiation of hMSCs when compared with the counterparts containing microsized HAp particles (Domingos et al., 2017).

The fabrication and use of composites based on HAp and polymers have achieved great success in terms of bone tissue engineering applications as a result of improved physicochemical and mechanical properties (Ramesh et al., 2018). Up to now, a huge number of experimental studies have confirmed the effectiveness of adding HAp to natural and synthetic biopolymers as a mean to improve the bone healing process; in fact, some recent works focus on 3D printing of HAp/biopolymers for obtaining osteoconductive composite scaffolds. On this object, 3D-printed scaffolds composed of PLGA and HAp were prepared and grafted by hydroxypropyltrimethyl ammonium chloride chitosan with the aim of obtaining multifunctional systems with osteoconductive and antibacterial properties (Yang et al., 2016). The results showed that HAp-containing constructs grafted with hydroxypropyltrimethyl ammonium chloride chitosan support cell adhesion, proliferation, spreading, and osteogenic differentiation, and exhibited antibacterial effects, good neovascularization, and tissue integration both in vitro and in vivo.

As a potential drug delivery carrier, HAp shows favorable characteristics including biocompatibility, tailorable size, active surface, and ease of modification (Martínez-Vázquez et al., 2015; Syamchand and Sony, 2015; Li H. et al., 2019). Therefore, HAp in different shapes or forms is recognized as a promising vehicle to deliver different bioactive molecules to accelerate bone tissue regeneration or for other therapeutic purposes. The applicability of doped HAp nanostructures and magnetic HAp has also been successfully verified for drug delivery strategies both in vitro and in vivo (Mondal et al., 2018). Antiresorptive drugs (e.g., alendronate), anticancer drugs (e.g., cisplatin), antibiotics (e.g., gentamycin), and other small molecules (proteins, DNA, and RNA) are the main categories of cargoes, which were loaded in and delivered from HAp (Kolmas et al., 2016). For example, macroporous HAp was used as a suitable carrier for the oral delivery of carvedilol, a poorly water-soluble drug (Zhao et al., 2011). Over time and along with the advent of 3D printing technology, controlled release of various bioactive molecules (e.g., rhBMP-2) from 3D-printed porous HAp scaffolds was highlighted as a novel DDS for bone regeneration (Wang et al., 2016; Chen G. et al., 2019).

Several experimental methods and approaches, including low-temperature 3D powder direct printing process, have been developed and used to effectively load drugs into 3D-printed HAp scaffolds (Gbureck et al., 2007). It is worth mentioning that a few parameters such as microstructure, specific surface area, and coatings could affect drug loading efficacy of calcium phosphates like HAp (Water et al., 2015; Suvannapruk and Suwanprateeb, 2018). In 2019, Chen et al. reported that layer-by-layer coating of porous 3D-printed HAp composite scaffolds using chitosan and sodium hyaluronate could improve the sustained release of drugs from the scaffolds. They used two molecules, i.e., rhodamine B and BSA, to study drug release ability of the 3D-printed scaffolds; the results clarified that the size of molecules used can also affect the release rate (the larger molecule BSA shows faster release) (Chen et al., 2019c).



CONCLUSIONS AND FUTURE PERSPECTIVES

AM-based methods—especially 3D printing/bioprinting—have shown a great potential in tissue engineering applications due to their customization ability (e.g., spatial and temporal control) in making patient-specific tissue-engineered structures or grafts (as per anatomical design). Considerable outcomes based on tissue-specific printed constructs fabricated by different AM-based methods have been achieved for hard tissue regeneration in vitro and in vivo.

Although extensive research studies have been carried out to improve the desired properties of printed architectures of HAp-based materials, especially load-bearing implants, according to specific hard tissue type and/or organ, there is still a great challenge in the formulation, development, and processing of HAp-based bioinks to achieve desired properties under native hard tissue environment. Therefore, native-like tissue regeneration (i.e., implant integration, gradual remodeling, vascularization, and maturation) using bioprinted implants needs proper optimization of the design and development of bioinks, which includes accounting for print-related problems associated to materials, cells, processing parameters (pre-/postprinting), etc. (Singh and Ramakrishna, 2017). For this, a comprehensive understanding of the biomaterials, cells, printing methods, and in vivo biological environment is needed. The risk of nozzle clogging and the achievement of mechanically stable architectures are also critical factors during printing process. In addition, the printing of more complex 3D architectures using multimaterial, different cell types, and multiprinting methods to achieve in vivo cellular diversity and functionality is a major concern (Derakhshanfar et al., 2018).

Furthermore, clinical translation of the 3D-bioprinted biomaterials still remains a great challenge in the field of tissue engineering. Therefore, there is a need of extensive and significant research activities to understand structural, chemical, physicomechanical, rheological, biological, and immunological properties using a multidisciplinary effort in tissue engineering field. 4D printing, intended as 3D printing of programmable materials, facilitates gradual changes in their shape and functionally with time as fourth dimension (Gladman et al., 2016; Li et al., 2016). Moreover, in orthopedics, complex and strong implants with curved surfaces are extremely important for proper hard tissue regeneration. Recently, in addition to 3D- and 4D-printing technologies, a so-called “5D printing” strategy has emerged as a promising technology. This 5D-printing technology uses a five-axis system to print complex architectures in multiple dimensions. A strong structure with curved layers could be printed by 5D printing, whereas 3D printing only could print structures with flat surface (Haleem et al., 2019). In the near future, there are promising prospects with 3D, 4D, and 5D printing technologies and their combinations in orthopedics and may lead to significant impacts in clinical and translational research.
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