Printing new bones: From print-and-implant devices to bioprinted bone organ precursors
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Abstract 
Regenerating large bone defects remains a significant clinical challenge, motivating increased interest in additive manufacturing and 3D bioprinting to engineer superior bone graft substitutes. 3D bioprinting enables different biomaterials, cell types and growth factors to be combined to develop patient-specific implants capable of directing functional bone regeneration. Current approaches to bioprinting such implants fall into one of two categories, each with their own advantages and limitations. Firstly, are those that can be 3D bioprinted and then directly implanted into the body, and secondly those that require further in vitro culture after bioprinting to engineer more mature tissues prior to implantation. This review overviews the key concepts, challenges, and applications of both strategies for regenerating damaged and diseased bone.  

Current Bioprinting Strategies for Bone Regeneration
[bookmark: _Hlk69469077][bookmark: _Hlk63675827]Since the first U.S. patent was awarded for 3D bioprinting (see Glossary) in 2006 (https://www.google.com/patents/US7051654), there have been significant advances in the field, particularly its application towards bone regeneration. This can be seen in the large number of publications (>600 papers) and reviews [1-13] devoted to the topic in the last 4 years alone. Advances in additive manufacturing and 3D bioprinting have had a significant impact on the fields of tissue engineering and regenerative medicine, with microextrusion, inkjet, laser assisted bioprinting and more recently melt-electrowriting (MEW) techniques all being used to generate implants for bone repair. In the literature there are a variety of definitions for the terms ‘bioprinting’ and ‘bioinks’, with some specifying the presence of cells as a mandatory component of the printing formulation in bioprinting [14]. For the purpose of this review we are defining bioprinting as the use of 3D printing technologies to deposit cells and/or other biological factors, specifically genes, growth factors and/or  extracellular matrix components, in a spatially controlled pattern to fabricate or regenerate living tissues and organs. Common features of a bone bioprinting strategy include a bioink (typically a hydrogel), laden with cells, genes and/or growth factors, and a mechanical backbone of a thermopolymer or ceramic to accommodate the challenging loads experienced by the implant in situ. Extensive reviews have been written on the different technologies [1, 2, 4, 5, 9-13, 15-18] and bioinks [1, 3, 6-8, 13, 19, 20] under development for bone regeneration. Broadly speaking, putative therapeutics that can be derived from such technologies fall into one of two categories; firstly those that can be 3D bioprinted and then directly implanted into the body (herein termed ‘print-and-implant’ devices), and secondly those that require further in vitro culture after bioprinting (e.g. within a bioreactor) to mature the engineered tissue prior to implantation. Both approaches have their own inherent advantages and limitations. Constructs that can be bioprinted and then directly implanted into the body are likely to be cheaper, logistically simpler to implement, and can potentially be located in a clinical setting to provide implants on demand (e.g. for use in trauma and other time sensitive clinical scenarios). In contrast, implementing tightly controlled in vitro maturation protocols post-printing enables the engineering of more biologically complex tissues prior to implantation, which in turn may enable more complex bone and joint injuries and diseases to be targeted. This review will provide an overview of the key concepts, challenges, and potential applications of both strategies in terms of generating a bioprinted implant for bone regeneration. We will discuss how close we are to implementing certain 3D bioprinted patient-specific implants in the clinic. Finally, we will highlight some of the future research directions that we believe will be central to the development of this transformative field. 
Print-and-Implant Strategies that Harness Bone’s Inherent Reparative Capacity
Existing ‘Off-the-Shelf’ Strategies for Bone Regeneration 
[bookmark: _Hlk69472106]Despite the clinical need, extensive capital and time already invested, the translation of bone tissue engineering products into the clinic has been slow. Current commercially available bone graft substitutes are predominately cell-free [21] and rely on the recruitment of host progenitor cells into the implant to promote  bone regeneration. Adoption of such ‘cell-free’ strategies is further motivated by the observation of core necrosis and cell death associated with the implantation of some in vitro engineered tissues into bony defects [22, 23]; here mineralised matrix deposition by cells around the periphery of the scaffold during the in vitro maturation period is believed to impede vascularisation and constructive macrophage remodelling in vivo. Furthermore, a cell-free “off-the-shelf” product will generally have a less complex pathway towards regulatory approval. The most common “off-the-shelf” biomaterials used clinically are ceramics or blends of polymers and ceramics in the form of either preformed scaffolds, mouldable putties or injectable pastes [21]. As putties and pastes generally lack any sort of mechanical integrity, they are largely intended for defects which will not immediately incur any significant loads [21]. While polymer and ceramic pastes and putties will continue to have wide use, specifically in the dental field, new products need to be developed to accommodate the ever-increasing clinical demand for alternatives to allogeneic and alloplastic bone grafts. 3D bioprinting strategies offer opportunities for the development of composite implants with patient-specific geometries, osteoinductive architectures and the spatio-temporally defined delivery of bioactive factors to provide more effective therapies for bone regeneration than the systems currently employed in the clinic. For this review, we will focus on cell-free “print-and-implant” strategies, as they form the majority of studies in this area that have been assessed in relevant pre-clinical models. Our review of such “print-and-implant” strategies will begin by reviewing how traditional 3D printing technologies have been used to produce bone biomimetic scaffolds, and will then explore how 3D bioprinting can be used to further functionalise such devices to improve their therapeutic efficacy. However, it should be recognised that such printed or bioprinted implants could also be loaded with cells prior to implantation in a clinical setting and still be classified a “print-and-implant” strategy. Extensive reviews are available in the literature on cell sources for bone regeneration in general [24-28] and more specifically for bioprinting bone implants [9, 10, 29-36].
3D Printing of Bone Biomimetic Scaffolds
Ceramics have been commonly used for the 3D printing of bone tissue engineering scaffolds [37-44]. This is due to their inorganic composition, high stiffness, hydrophilicity, bioactivity, biocompatibility and osteo-conductivity, which make it an ideal material for generating a biomimetic scaffold [37]. The benefits of 3D printed  ceramic scaffolds include: (1) Full control over porous structure, including pore size, size distribution, orientation and interconnectivity, which have all been previously shown to have a significant effect on bone regeneration [45, 46]; (2) High stiffness, within the gigapascal (GPa) range of native bone tissue, which can be tuned to meet specific clinical needs; (3) Biocompatibility and biodegradability (depending on the ceramic type), ensuring that scaffolds induce minimal inflammatory responses.  However, one limitation associated with ceramic constructs is their highly brittle nature, potentially limiting their use in the treatment of fractures/defects in skeletal locations where significant physical loading is expected. 
Synthetic polymers have also been used in the 3D printing of bone graft substitutes as they are generally biocompatible, relatively easy to process and functionalise and have tuneable mechanical properties and degradation rates. They are however typically less stiff than native bone tissue and they lack the inherent osteo-conductivity of ceramics such as tri-calcium phosphate (TCP) and hydroxyapatite (HA). To address this challenge, a number of studies have investigated the potential of acellular 3D printed composites of ceramics and synthetic polymers [47-57]. Hyper-elastic scaffolds for bone repair composed of hydroxyapatite and polycaprolactone or poly (lactic-co-glycolic acid), manufactured using extrusion based 3D printing at room temperature, resulted in constructs which exhibited elastic mechanical properties (~32 to 67% strain to failure, ~4 to 11 megapascal (MPa) elastic modulus) [57]. When implanted in a calvarial defect the construct was vascularised, quickly integrated with the surrounding tissue, and supported new bone growth without the need for added biological factors. Another method for improving scaffold bioactivity is through the addition of decellularised bone extracellular matrix (ECM) [46, 58-60]. In all of these studies there was a benefit to the addition of bone ECM, however, in general, complete healing of the defects was not observed, pointing to the need for further improvements in the design of such implants (see Figure 1). 
[bookmark: OLE_LINK1][bookmark: _Hlk63614522]One way to increase the bioactivity of a 3D printed implant is through the incorporation of metal ions which are known to possess pro-osteogenic, pro-angiogenic, antimicrobial and immune-regulatory properties [61-68]. For example, 3D printing has been used to fabricate implants consisting of a blend of medical-grade polycaprolactone (PCL) and magnesium phosphate modified with strontium (Sr2+) ions [66]. The printed implants had a compressive strength of 4.3 MPa and were able to support up to 50 cycles of loading without any plastic deformation. Long-term in vivo performance of the scaffolds was also investigated in an equine tuber coxae model over 6 months. While micro computed tomography (micro-CT) and histological analysis confirmed the capacity of this implant to support new bone formation, complete filling of the defect with new bone was not observed after 6 months. Further improvements to the design of such implants, such as their rate of degradation, architectural design and kinetics of metal ion release may further improve their capacity to support new bone formation. 
There are clearly intrinsic benefits to generating implants using 3D printing over traditional manufacturing methods, notably the ability to generate patient specific implants using computer aided design (CAD). This concept has recently been translated into the clinic, where medical imaging and CAD design were combined to fabricate a patient-specific 3D printed polycaprolactone-tricalcium phosphate biodegradable scaffold to treat patients with bone defects created during reconstructive surgery for congenital craniosynostosis [69]. Furthermore, the flexibility of the manufacturing process not only allows for the design of patient-specific implants, but also enables the internal scaffold architecture (e.g. pore size and interconnectivity) of a scaffold to be optimised for nutrient transport and waste removal and to facilitate vascularisation post-implantation [70, 71]. Despite the flexibility of this manufacturing technique, the optimal 3D printed scaffold architecture for promoting bone induction has yet to be established. This point was emphasised by a recent study exploring how the architecture of calcium phosphate biomaterials regulated their inherent capacity to support bone formation in vivo [72]. Implants produced using a gas foaming technique were found to promote higher levels of ectopic bone formation compared to 3D printed implants, which was linked to difference in the micro-architecture of the different calcium phosphate scaffolds [72]. It has recently been suggested that intrinsic biomaterial osteoinduction is the result of calcium and/or phosphate depletion [73], which in turn is linked to the dynamics of scaffold vascularisation and hence may explain why scaffold volume and architecture (e.g. pore size and interconnectivity) play such a decisive role in this process. It is clear that both scaffold composition and architecture must be systematically explored and optimised when 3D printing a bone graft substitute. 
3D Bioprinting of Growth Factor Eluting Implants
[bookmark: _Hlk69376891][bookmark: _Hlk69389649]The local delivery of growth factors such as bone morphogenetic protein-2 (BMP-2) and bone morphogenetic protein-7 (BMP-7) are well-established strategies for the repair of bone defects clinically [74, 75]. The limitations of such approaches clinically are well documented, and can be linked to the need for supraphysiological doses and poor spatio-temporal control of growth factor release in vivo [76-79].  Using multiple-tool biofabrication techniques [4, 80-83], it is possible to generate ‘print-and-implant’ devices to deliver cytokines or growth factors with distinct spatiotemporal release profiles to enhance tissue regeneration. Specifically, for bone healing, several growth factors have been shown to be expressed at different phases of healing, including vascular endothelial growth factor (VEGF), and bone morphogenetic proteins (BMPs). VEGF expression typically peaks around day 5/10 [84, 85] and then decreases, whereas BMP-2 expression increases constantly until day 21, suggesting a need for delivery systems that support the early release of VEGF and the sustained release of BMP-2 [84-88]. To this end, the majority of bioprinting strategies have looked at delivering either growth factor alone or in combination to the site of injury with sustainable and physiologically relevant dosages such that repair is induced without these adverse effects [89-100]. A summary of these studies can be found in Table 1. Recently, there have also been some studies that have shown enhanced bone regeneration when either platelet-rich plasma [53, 101, 102] or platelet-derived growth factor [103] is incorporated within the 3D printed implant. 
Not only can 3D bioprinting allow for spatial placement of growth factors within an implant, but through the design of bioinks that interact with and bind to such morphogens, it is also possible to tightly control the location and timing of their release in vivo, thereby negating the need for supraphysiological doses (see Figure 1). This is usually achieved either by chemical conjugation directly with the hydrogel [104], encapsulation within micro- or nanospheres [94, 96, 97, 99], or electrostatic attraction with nanoparticles [93, 95] to halt the burst release affect, thereby allowing for lower doses of growth factors to be used to induce a therapeutic response. Furthermore, the timing of growth factor release can also be tailored to mimic the natural cascade of events that occur during bone fracture healing. Use of such techniques has demonstrated the benefits of tight spatio-temporal control over growth factor release for directing bone regeneration. Bioprinting a spatial gradient of VEGF within a scaffold significantly increased vessel ingrowth in vivo compared to a homogenous pattern of VEGF [95]. Furthermore, combining this mode of VEGF release with delayed BMP-2 delivery accelerated large bone defect healing with little heterotopic bone formation, using low doses of growth factors. One of the limitations to this “print-and-implant” strategy is the mechanical integrity of these implants. All the above-mentioned studies used hydrogel bioinks to deliver the growth factors/cytokines, which are extremely limited in their mechanical strength when compared to native bone. However, whether the implant itself needs to be fully load bearing at time of implantation is open for debate. Current medical practice is to incorporate immobilisation hardware following a bone graft procedure, and although all these bioinks can be reinforced with a 3D printed polymer backbone, future studies should investigate the regenerative potential of bioprinted implants with additional external fixation and explore how the transition from immobilisation to load bearing influences the regenerative process [105-107].
Maturing Bioprinted Constructs in vitro to Enable Programmable Bone Regeneration in vivo 
While conceptually appealing, the culture of cell laden scaffolds to produce bone-like tissues in vitro has not always translated into improved outcomes in vivo [22, 108]. Traditionally the field of bone tissue engineering has focused on the direct generation of bone by inducing osteogenic differentiation of mesenchymal stem cells (MSCs) or osteoprogenitor cells. However, as previously stated, this can lead to cell death and core necrosis due to lack of vascularisation and/or nutrient deficiency [22, 108]. Bioprinting strategies have sought to overcome these issues using two distinct techniques (see Figure 2 (A, B)): (1) Bioprinting and maturing a vascular network prior to implantation [83, 109-118], such that when implanted the engineered vascular networks can anastomose with the host vasculature [116, 117], enabling rapid perfusion of the engineered tissue. (2) Bioprinting an avascular cartilage template primed for endochondral bone formation. This potentially negates the need to pre-vascularise engineered tissues as such constructs are equipped to survive the initially hypoxic defect environment and are capable of executing an endochondral programme to regenerate lost bone [83, 119, 120]. 
Bioprinting and maturing a vascular network
Although, the fabrication of perfectly functional, perfusable vascular networks in vitro remains a challenge, 3D bioprinting can be used to overcome some of the current limitations associated with the pre-vascularisation of tissue engineered grafts. In general 3D bioprinting methods for vascularisation can be divided into two distinct strategies: those mimicking the process of  vasculogenesis, whereby the endothelial cells are printed within an environment that allows them to self-assemble their own primitive network [114, 115, 118]; or the direct 3D printing of vessels or structures supportive of vessel formation, where channel-like structures are 3D printed directly within the implant [83, 109-113, 116, 117]. Each of these strategies have their own characteristic advantages and intrinsic limitations. Vasculogenesis is the de novo development of blood vessels from early endothelial cells known as pre-angioblasts. Previous studies have shown that microvascular networks can form in vitro within soft 3D hydrogels [121, 122], however it is a complex process typically involving multiple cell growth factors. It is also an extremely slow process, where the average growth rate of a newly developing capillary is only ~ 5 μm/hour [123]. This has led researchers to investigate if 3D printing channels directly within the construct would accelerate vascularisation once implanted in vivo. These channels can either be left hollow to act as conduits for vascular ingrowth [83, 109-113], or be seeded with cells to generate endothelialised networks in vitro prior to in vivo implantation [116, 117]. These approaches also have their own limitations, in particular the challenge of ensuring the  3D printed vasculature anastomoses with the host vasculature once implanted in vivo [116, 117]. 
A Developmental Based Approach: Bioprinting a Cartilaginous Template
An alternate approach to overcome these limitations would be to bioprint the developmental precursor to long bones, the avascular cartilage template, as this would negate the need for vascularisation as such tissues are primed to function in hypoxic environments [108, 124]. Cartilaginous templates generated in vitro using mesenchymal stem/marrow stromal cells (MSCs) have been shown to support vascularisation and bone formation in vivo [119, 125], and by leveraging 3D printing strategies it is possible to modulate the architecture of such engineered cartilage grafts to enhance their capacity to regenerate large bone defects [83]. Furthermore, multiple-tool biofabrication can be used to engineer a mechanically reinforced cartilaginous template without negatively impacting its capacity to support the development of a vascularised bone organ in vivo [83, 119], or to generate the osseous regions of osteochondral implants targeting regeneration of synovial joints [120]. Despite the promise of such developmentally inspired bioprinting strategies for bone regeneration, numerous factors need to be optimised before this technique can realise its full potential. Firstly, the optimum cell source, architecture, and pre-culture period to support robust and rapid endochondral bone formation all need to be determined. Secondly, when biomaterials such as hydrogels are used to help engineer such a cartilage template, optimising the degradation rate of the biomaterial will be imperative. We have previously shown that if not optimised the biomaterial can significantly hinder the regenerative potential of the implant [83]. Finally, the potential immunogenicity of the materials and their degradation products needs to be considered as such factors can also contribute to implant failure.
To overcome these limitations of scaffold-based approaches, scaffold-free tissue engineering has emerged as a potential new strategy for reconstructing tissues, with cellular aggregates, sheets, strands and rings all used as biological ‘building blocks’ to tissue engineer scaled-up grafts (see Figure 2 (C)) [126, 127]. For example, the Kenzan method has automated the skewering of multicellular spheroids onto arrays of needles, which supports their assembly into scaled-up tissues with predefined geometries [128].  The use of cell strands, involving the pre-culture and assembly of cells in a hollow fibre mould, have also been used as a bioink for scaffold-free 3D bioprinting [129]. However, the resolutions for these systems are limited by the size and shape of the original cellular assemblies. To overcome these limitations, a biodegradable and photo-crosslinkable microgel bath has been developed; this flows to support the free movement of the printing nozzle for high-resolution printing of cell-only bioinks, whilst also presenting solid-like properties to sustain the structure of the printed cells for long-term culture [130]. As the support bath can be removed by simple agitation or spontaneous degradation from the constructs, biomaterial-free tissues of predefined sizes and shapes can be easily harvested without damage following in vitro maturation. This new technique provides a novel 3D printing platform to tissue engineer complex anatomically accurate implants, including bone and cartilage-like tissues.
Concluding Remarks
Despite the ever-increasing number of publications, and promising results in preclinical studies, patient specific bioprinted implants are still a long way off. Three-dimensional printing is still very much in the “hype” stage of innovation, with high expectations but yet unproven clinical success [131]. There are still numerous hurdles to overcome before patient-specific regenerative implants can be successfully implemented. As discussed in this review, these limitations include printing scaffolds with sufficient mechanical strength to function in certain load-bearing regions of the body, creating 3D structures with complex anatomical resolution tailored to the patients’ needs, whilst also possessing an internal structure that imparts osteo-inductivity, and crucially functionalising such implants with necessary pro-osteogenic, pro-angiogenic and potentially antimicrobial factors. 
Current bioprinting strategies are changing rapidly to try and meet these challenges, with new and innovative technologies, from recapitulating natural bone healing via spatiotemporal growth factor delivery to scaffold-free tissue engineered implants. Although still in its infancy, the use of microtissues or organoids bioprinting has the potential to transform regenerative medicine [127, 132]. In the context of bone regeneration, bone callus organoids have been demonstrated to spontaneously bio-assemble in vitro into large engineered tissues which were able to heal critical-sized long bone defects in vivo. The regenerated bone was also found to exhibit similar morphological properties to those of native bone [133]. In the future it is possible to envision 3D bioprinting techniques capable of using such organoids as building blocks to engineer patient-specific implants for bone regeneration. Furthermore, this strategy could also be used for putative ‘print-and-implant’ strategies. Theoretically, such organoids or microtissues could be cultured and maintained within a living bank in a clinical setting, and then bio-assembled into patient specific implants in a clinical setting.
With all these rapidly evolving 3D bioprinting technologies, other pertinent questions have also been raised, including how to reap the benefits of new technologies while at the same time ensuring the safety of the patients. At best the generation of 3D bioprinted patient specific implants allows physicians to adapt the implant to suit the individual needs of the patient. At its worst, it allows for ad-hoc experimentation in patients which can create a great deal of unknowns. As the products themselves vary and the technologies used to create them provide unprecedented flexibility of design, there is an essential tension between this flexibility and the rigid controls that regulatory bodies have devised to ensure the safety and effectiveness of medical devices. More specifically, how can we create 3D bioprinted products, which are designed to be highly customisable, within the regulatory guidelines that are designed to only allow for uniform products with no manufacturing defects to ensure patient safety? This is not to say that patient-specific 3D bioprinted implants would not result in significant improvements to the orthopaedic community and enjoy huge clinical and commercial success. Rather, that the fabrication technique of the implant is only one factor of many that needs to be addressed before we can reap the benefits of patient-specific bioprinted implants for bone regeneration.
Clinicians Corner 
· The use of 3D printing in the development of orthopaedic implants has grown rapidly over the past decade. The technology is being used to create hip and knee joint replacements, cranial reconstruction implants and spinal implants. Its appropriate use can improve implant osteointegration and the personalisation of such medical devices.  
· 3D printing, increasingly, is also being used to generate bone graft substitutes capable of overcoming many of the limitations associated with existing products. In particular, the advent of 3D bioprinting, where the spatial localisation of cells, biomaterials, growth factors and other biological factors can be tightly controlled, has the potential to transform the field of regenerative medicine. 
· To date only cell-free 3D printing strategies for bone repair have reached the clinic. Such “print and implant” techniques has proven effective at regenerating large bone defects in a range of preclinical models, although a true replacement to the autologous bone graft has yet to emerge. 
· One of the major limitations associated with such ‘print-and-implant’ strategies is ensuring sufficient vascularisation of the implant, especially as they are scaled-up towards clinically relevant geometries. Without suitable vascularisation, such implants will ultimately fail when implanted into the body. 3D bioprinting a vascular network within a bone graft substitute represents one promising strategy to address this challenge. 
· Tissue engineers are increasingly trying to recapitulate developmental processes such as endochondral ossification as a means to improve the efficacy of regenerative implants. Multiple tool biofabrication can be used to bioprint such developmentally inspired implants, which in vivo have been shown to support the development of a vascularised bone organ by recapitulating an endochondral pathway. As with any cell-based therapy, the translation of such approaches into the clinic will be challenging.  
· One problem patient-specific implants may face will be the difficulty undertaking “gold-standard” randomised clinical trials to determine the success of the implant. The diversity of the implant and patients may make it difficult to run a clinical trial in the traditional sense.  
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Glossary
Bioink: is the term used to describe any biomaterial, containing cells or other biologics, which is compatible with 3D bioprinting processes.
Bioprinting: the use of 3D printing technologies to deposit cells and/or other biological factors, specifically genes, growth factors and/or extracellular matrix components, in a spatially controlled pattern to fabricate or regenerate living tissues and organs.
Computer Aided Design (CAD): CAD is the process of designing an object using computer software.
Endochondral Bone Formation: is one of the two essential processes during fetal development of the mammalian skeletal system by which bone tissue is created.
Hyper-elasticity: Hyper-elastic materials are the special class of materials which respond elastically even when they are subjected to large deformations.
Kenzen Method: this method involves sticking cell spheroids into a set of microneedles, called Kenzan, and waiting for them to fuse partially. When cells can support their structure, the needles are retracted, and the cells are nourished and grown into a viable tissue.
Osteoconductive: is the ability of bone-forming cells in the defect area to move across a scaffold and slowly replace it with new bone over time.
Osteoinductive: is the process by which osteogenesis is induced. It is a phenomenon regularly seen in any type of bone healing process.
Table 1: Impact of vascular endothelial growth factor (VEGF) and bone morphogenetic protein-2 (BMP-2) alone or in combination in bioprinting-based repair of large bone defects.
	Growth Factor (GF)
	Loading Method and Release Profile
	Bone Regenerative Capacity
	Bioprinting Method 

	Ref

	VEGF 
(1 µg)
	· Burst release within 1 day (<12% of GF is released over 21 days. 
· Direct loading into the hydrogel
· Low dose
	· ↑ in vessel number within the defect
· Osteoinductive scaffold with low-dose VEGF did not lead to significant increase bone volume/total volume (BV/TV)
	· Extrusion based printing
· Ability to create a VEGF gradient by direct deposition of the vascular bioink only within the centre of the implant
· A VEGF gradient lead to ↑↑ in vasculature but that this did not in turn lead to an increase in bone regeneration
	[89]

	VEGF 
(12.5 µg)
	· Sustained release profile over 14 days (100% of VEGF released)
· Soaked in VEGF for 12 hours
	· Higher dose of VEGF did ↑ BV/TV compared to the scaffold alone
· Higher dose of VEGF negated the need for VEGF gradient

	· Extrusion based printing
· Homogenous distribution of GF – no spatial deposition of the GF
· 3D bioprinting was used to generate porosity within the implant
	[91]

	VEGF (25 µg)
	· Slow sustained release over 30 days (20% of total GF released)
· Encapsulated within gelatin microparticles
	· Direct internal control within implant 
· ↑ in vessel number in the half loaded with microparticles loaded with VEGF vs the half loaded with saline 
· Did not analyse bone regeneration

	· Extrusion based printing
· Generated an internal control within the implant – direct deposition was used to create an implant with the top half containing saline loaded nanoparticles and the bottom half containing VEGF loaded microparticles

	[99]

	BMP-2 (10 µg)
	· Sustained release over 30 days (only 60% of GF is released)
· Encapsulated within chitosan nanospheres
	· ↑ in BV compared to the scaffold alone
· Combination of BMP-2 and nHA significantly increased the bone regenerative potential of the implant
	· Multiple-tool extrusion-based printing.
· Alternating layers of either nHA/PLGA mix or chitosan BMP-2 hydrogel were printed to create an osteoinductive patterned implant
	[94]

	BMP-2 (10 µg)
	· Did not report release rate of BMP-2 from scaffold 
· Loaded directly on scaffold
	· No significant increase in bone regeneration through the addition of mesoporous silica to CPC
· ↑ in BV compared CPC alone when both BMP-2 and mesoporous silica are incorporated
	· Extrusion based printing
· Homogenous distribution of GF
· 3D bioprinting was used to generate porosity within the implant
	[98]

	BMP-2 
(10 mg)
	· Slow sustained release over 30 days (60% of GF released)
· Encapsulated within PLGA nanoparticles
· High Dose BMP-2
	· 3D printed scaffold of HA alone did not induce bone regeneration. 
· When coated with BMP-2 loaded nanoparticle there was a ↑ in BV
	· Inkjet-based printing
· 3D bioprinting was used to generate porosity within the implant was not used for spatial deposition of GF
	[96]

	BMP-2 
(10 mg)
	· Did not report release rate.
· Encapsulated within chitosan microspheres
· High Dose BMP-2
	· ↑ in BV when scaffold was implanted along with the AV bundle (femoral artery and vein) compared to the scaffold alone
· Indicates a clear need for intact vascularisation to induce bone formation.
	· Extrusion based printing.
· 3D bioprinting was used to create a scaffold with a hollow core in which BMP-2 chitosan microspheres could be injected into. 
	[97]

	BMP-2 (5 µg)
	· Burst release after 5 days (only 40% of GF released over 30 days)
· Directly loaded into hydrogel
	· The scaffold of PCL/PLGA/β-TCP alone lead to ↑ in BV
· There was a further ↑ in BV with the addition of BMP-2 compared to the scaffold alone.

	· Multiple-tool extrusion-based printing.
· Extruded fibres of PCL/PLGA/β-TCP were deposited at regular intervals the spaces between these deposited fibres were fully filled with collagen/rhBMP-2 solution using another dispensing head
	[100]

	BMP-2 (10 µg)
	· Did not report on release profile
· Electrostatic attraction with nanoparticles (Laponite)
	· Laponite based bioink alone lead to a ↑ in BV
· There was no further increase in BV with the addition of BMP-2 compared to the scaffold alone.

	· Extrusion based printing
· Homogenous distribution of GF
· 3D bioprinting was used to generate porosity within the implant
	[93]

	VEGF (8.9 µg)
+BMP-2 
(89.3 µg)
	· Burst release of both GFs after 4 days (0.12% of VEGF, and 2.4% of BMP-2 released over 20 days) 
· Direct loading into hydrogel
	· Histological evaluation alone showed increased bone regeneration due to dual delivery compared to BMP-2 delivery alone. 
· Did not report on quantitative changes in BV
	· Extrusion based printing
· Homogenous distribution of GF
· 3D bioprinting was used to generate patient specific implant
	[90]

	VEGF (1 µg)
+BMP-2 
(1 µg)
	· Burst release profile after 1 day (80% of GFs are released)
· Soaked in growth factors
· Low dose of both GFs
	· ↑ in BV/TV compared to the scaffold alone even with low dosages of both GFs.
	· Extrusion based printing
· Homogenous distribution of GF
· 3D bioprinting was used to generate porosity within the implant
	[92]

	VEGF (25 ng)
+BMP-2 
(2 µg)
	· Burst release of VEGF within 3 days (100% of GF released over 10 days)
· Sustained release of BMP-2 over 35 days (100% of GF released by Day 35)
· Electrostatic attraction with nanoparticles (Laponite and nHA)
· Low dose of both GFs
	· ↑ in bone volume when either GF is delivered alone or in combination compared to an empty defect. 
· a spatial gradient of VEGF within a scaffold significantly increased vessel ingrowth in vivo compared to a homogenous pattern of VEGF

	· Multiple-tool extrusion-based printing.
· Ability to create a VEGF gradient by direct deposition of the vascular bioink only within the centre of the implant
· Using another deposition head BMP-2 loaded bioink was deposited around the periphery of the implant.
	[95]


AV = atrioventricular; BMP = bone morphogenetic protein; BV = bone volume; CPC = calcium phosphate cement; GF = growth factor;  HA = Hydroxyapatite; nHA = nanohydroxyapatite; PCL = Polycaprolactone; PLGA = poly (D, L-lactic-co-glycolic acid); rh = recombinant human; TCP = Tricalcium Phosphate; TV = total volume; VEGF = vascular endothelial growth factor.
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 Figure 1: Multiple-tool biofabrication techniques used to generate "print-and-implant" scaffolds for bone repair. (A) Functionalised bioinks that interact with and bind to growth factors allow for their controlled release in vivo. (B) Nanohydroxyapatite (nHA) can be incorporated into an ink to 3D print a more osteoinductive scaffold. (C) Metal ions for example strontium (Sr2+) are known to possess pro-osteogenic, pro-angiogenic, antimicrobial and immune-regulatory properties. (D) Different bioactive factors like bone extracellular matrix (ECM) can be integrated into composite scaffolds to produce implants with tailored properties. 3D bioprinting enables the spatio-temporal patterning of growth factors such as vascular endothelial growth factor (VEGF) (E) or bone morphogenetic proteins (BMPs) (F) within an implant.  
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Figure 2: Strategies that require further in vitro culture after bioprinting to mature the engineered tissue prior to implantation: (A) Bioprinting and maturing a vascular network prior to implantation; (B) Bioprinting an avascular cartilage template primed for endochondral bone formation; (C) A scaffold-free approach to print multiple small, functional building blocks or mini-tissues capable of fusing and maturing into a scaled-up tissue.
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