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Introduction: Recently, efforts towards the development of patient-specific 3D printed scaffolds for bone tissue engineering from bioactive ceramics have continuously intensified. For reconstruction of segmental defects after subtotal mandibulectomy a suitable tissue engineered bioceramic bone graft needs to be endowed with homogenously distributed osteoblasts in order to mimic the advantageous features of vascularized autologous fibula grafts, which represent the standard of care, contain osteogenic cells and are transplanted with the respective blood vessel. Consequently, inducing vascularization early on is pivotal for bone tissue engineering. The current study explored an advanced bone tissue engineering approach combining an advanced 3D printing technique for bioactive resorbable ceramic scaffolds with a perfusion cell culture technique for pre-colonization with mesenchymal stem cells, and with an intrinsic angiogenesis technique for regenerating critical size, segmental discontinuity defects in vivo applying a rat model. To this end, the effect of differing Si-CAOP (silica containing calcium alkali orthophosphate) scaffold microarchitecture arising from 3D powder bed printing (RP) or the Schwarzwalder Somers (SSM) replica fabrication technique on vascularization and bone regeneration was analyzed in vivo. In 80 rats 6-mm segmental discontinuity defects were created in the left femur.
Methods: Embryonic mesenchymal stem cells were cultured on RP and SSM scaffolds for 7d under perfusion to create Si-CAOP grafts with terminally differentiated osteoblasts and mineralizing bone matrix. These scaffolds were implanted into the segmental defects in combination with an arteriovenous bundle (AVB). Native scaffolds without cells or AVB served as controls. After 3 and 6 months, femurs were processed for angio-µCT or hard tissue histology, histomorphometric and immunohistochemical analysis of angiogenic and osteogenic marker expression.
Results: At 3 and 6 months, defects reconstructed with RP scaffolds, cells and AVB displayed a statistically significant higher bone area fraction, blood vessel volume%, blood vessel surface/volume, blood vessel thickness, density and linear density than defects treated with the other scaffold configurations.
Discussion: Taken together, this study demonstrated that the AVB technique is well suited for inducing adequate vascularization of the tissue engineered scaffold graft in segmental defects after 3 and 6 months, and that our tissue engineering approach employing 3D powder bed printed scaffolds facilitated segmental defect repair.
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INTRODUCTION
Due to the significant advances in the areas of additive manufacturing technologies for ceramics and tissue engineering there have been ever increasing efforts to develop patient-specific bioceramic scaffolds (Adel-Khattab et al., 2018) and adequate vascularization approaches for bone tissue engineering for regeneration of large segmental discontinuity defects.
Reconstruction of extensive and complex bone segments resulting from tumor surgery involving subtotal mandibulectomy (Figure 1) constitutes a challenging problem in craniomaxillofacial surgery (Warnke et al., 2004; Cancedda et al., 2007; Eweida et al., 2012), and often necessitates reconstructing defects, which extend over a length of more than 10 cm from ascending ramus to ascending ramus of the mandible (Warnke et al., 2004; Lonie et al., 2016; Kreutzer et al., 2022; Ruf et al., 2022) (Figure 1). In this context, clinical principles demand, that, when reconstructing segmental mandibular defects 5 cm in width or larger, a vascularized bone graft needs to be used, which contains osteogenic cells and is transplanted with the respective blood vessel, which is then anastomosed with a blood vessel of the recipient site using microvascular surgery. This is due to the fact that the regular wound healing process does not allow cells to migrate from the defect margins over too large a distance to colonize these large segmental defects or scaffolds placed into these defects. The same is true for timely ingrowth of blood vessels from the defect margins. As a result, the clinical standard of care for bone reconstruction after subtotal mandibulectomy involves the use of vascularized fibular (Figure 1) or iliac crest grafts, which contain both osteogenic cells and a blood vessel (Eweida et al., 2014; Lonie et al., 2016; Kreutzer et al., 2022; Ruf et al., 2022; Warnke et al., 2004.). However, in addition to the significant risk of donor-site morbidity, the use of vascularized fibular grafts does often not permit an exact reconstruction of the patient’s original anatomic facial and mandibular features, thereby leading to a compromised esthetic and functional result, which also affects the outcome achieved when fabricating the implant supported dental prosthesis. As a result, there has been an increasing search for adequate tissue engineering approaches and scaffolds, which, when reconstructing defects after subtotal mandibulectomy, need to be endowed with osteogenic cells in addition to ensuring adequate vascularization in order to provide these cells with oxygen and nutrients (Warnke et al., 2004; Cancedda et al., 2007; Eweida et al., 2012; Eweida et al., 2014; Eweida et al., 2015; Arkudas et al., 2015; Laschke and Menger, 2016). An ideal scaffold should be resorbable and bioactive, i.e., have a stimulatory effect on bone tissue formation, and be remodeled into functional bone tissue resulting in restoration of the original bone microarchitecture.
[image: Figure 1]FIGURE 1 | Schematic of segmental mandibular defect extending for more than 10 cm from ascending ramus to ascending ramus as a result of tumor ablation. Placement of a patient specific reconstruction plate in combination with vascularized fibular grafts (depicted in red, green, and blue) is anticipated, which represents the clinical standard of care. The regular wound healing process does not allow cells to migrate from the defect margins over a distance of this size to colonize large segmental defects more than 5 cm in size or scaffolds placed into these defects. Consequently, osteogenic cell containing bone grafts of scaffolds endowed with osteogenic cells need to be used in combination with an adequate vascularization approach for reconstruction of these type of defects (Compliments of Professor C. Rendenbach and KLS Martin, GmbH, Germany).
Whereas first bone tissue engineering approaches involving bioceramics, mesenchymal stem cells and vascularization techniques with and without the addition of bone morphogenetic proteins (BMPs) mostly employed bioceramic granules (Warnke et al., 2004; Eweida et al., 2014; Horch et al., 2014), over the last decade, significant progress has been made with adapting powder bed binder jet (ink jet) 3D printing, robocasting, selective laser sintering, stereolithography, and layer-wise slurry deposition binder jet 3D printing technologies so as to enable 3D printing of bioceramic scaffolds (Gildenhaar et al., 2012; Travitzky et al., 2014; Shirazi et al., 2015; Zanchetta et al., 2015; Zocca et al., 2015; Ishack et al.,. 2017; Zocca et al., 2017; Adel-Khattab et al., 2018). These recent advances in 3D printing techniques for bioceramics include advances with respect to increased printing resolution and enhanced control over porosity, strut size and thereby scaffold microarchitecture (Tarafder et al., 2013; Tian et al., 2013; Shirazi et al., 2015; Zocca et al., 2015; Zocca et al., 2017; Adel-Khattab et al., 2018). They furthermore open the possibility to fabricate patient-specific bioactive resorbable implants and scaffolds which possess exactly the same morphology as the patient defect (Adel-Khattab et al., 2018).
Various synthetic bioactive calcium phosphate-based bioceramic bone substitute materials have been proposed for use in bone tissue engineering such as bioactive glass 45S5 (BG45S5) and tricalcium phosphate (TCP) (Yao et al., 2005; Handel et al., 2013; Bose et al., 2017). These also include the more recently developed silica containing calcium alkali orthophosphate (Si-CAOP), which has been developed for higher bioactivity and resorbability than TCP and BG45S5, which have been shown to exhibit excellent osteoconductivity and resorb within 1–2 years in the human case (Tadjoedin et al., 2002; Zerbo et al., 2001; Zerbo et al., 2004; Zerbo et al., 2005; Zijderveld et al., 2005; Aghaloo and Moy, 2007; Pjetursson et al., 2008; Zijderveld et al., 2009; Knabe et al., 2008a; Knabe et al., 2017b; Knabe et al., 2017c). Si-CAOP has previously been shown to display a greater enhancement effect on osteogenic cell differentiation in vitro and bone formation in vivo than TCP, both in clinically representative large animal models as well as in patients. This was in combination with a favorable biodegradability (Knabe et al., 2004; Knabe et al., 2005; Knabe and Ducheyne, 2008; Knabe et al., 2008b; Knabe et al., 2017a; Knabe et al., 2017d; Knabe et al., 2017e; Adel-Khattab et al., 2018). The stimulatory effect on osteogenesis in vitro and in vivo was associated with simultaneous enhanced activation of the ERK differentiation, P3IK cell survival and alternate p38 intracellular signaling pathways (Knabe et al., 2017d). This was in addition to enhanced fibronectin adsorption and cell adhesion being mediated predominantly via the α5β1 fibronectin receptor and to a lesser degree via the α2β1 collagen receptor (Knabe et al., 2017d). Collectively, these findings rendered Si-CAOP a promising bone grafting material for developing binder jet 3D powder bed printed bioceramic scaffolds (Adel-Khattab et al., 2018). In addition to the chemical composition of the bioactive scaffold ceramic material, which greatly affects bone formation and repair, also the macro- and microarchitecture of the scaffolds have a major effect on bone ingrowth, regeneration, and on vascularization (Mastrogiacomo et al., 2006). In this context, different manufacturing technologies render 3D bioceramic scaffolds with considerable differences in microarchitecture such as macro- and microporosity, pore size distribution and interconnected porosity (Travitzky et al., 2014; Zocca et al., 2015; Zocca et al., 2017), which have been shown to affect the pattern of blood vessels invasion, the kinetics of the bone neoformation process, and the amount of bone deposition (Mastrogiacomo et al., 2006), even when using the same material.
In the present study, 3D Si-CAOP scaffolds manufactured by 3D binder jetting powder bed printing were compared to SSM scaffolds fabricated by the conventional SSM replica technique, which produces scaffolds which resemble the microarchitecture of natural cancellous bone. 3D printing on the other hand possesses greater control with respect to reproducibility and enables fabricating scaffolds which display a more uniform pore size, architecture and interconnecting porosity (Bose et al., 2017).
Utilizing 3D printed Si-CAOP scaffolds in combination with perfusion flow culture of mesenchymal stem cells, we previously were able to create a 3D printed tissue engineered synthetic bone graft in vitro, with homogenously distributed osteoblasts and mineralizing bone matrix (Adel-Khattab et al., 2018), which mimics the favorable features of autologous bone grafts thereby making it an excellent candidate for subsequent in vivo implantation for repair of extensive segmental discontinuity bony defects such as after subtotal mandibulectomy (Warnke et al., 2004; Lonie et al., 2016; Ruf et al., 2022).
However, obtaining sufficient vascularization of tissue engineered constructs particularly in the center of large 3D scaffolds, which have been pre-cultured with osteogenic stem cells, is of paramount importance (Cancedda et al., 2007; Kirkpatrick et al., 2011), since the reason for failure of classical bone tissue engineering strategies has most often been the lack of vascularization within the tissue engineered bone constructs, leading to poor tissue integration and implant survival (Cancedda et al., 2007; Eweida et al., 2012; Eweida et al., 2014; Eweida et al., 2015). The maximum distance by which cells can be separated from the nearest blood vessel with respect to maintaining a sufficient supply of oxygen and nutrients by diffusion to ensure their survival, is 150–200 μm (Yu et al., 2009; Cai et al., 2011). Consequently, inducing angiogenesis and achieving vascularization early on during wound healing is crucial for bone tissue engineering. Efficient vascularization is not only important for cell survival but also for growth factor and cytokine production by mesenchymal stem cells, which promotes bone metabolism and repair and thus effective integration of tissue engineered grafts after in vivo implantation. In this context, it is noteworthy, that osteoblasts and endothelial cells act as drug delivery system for each other by secreting important growth factors and thereby mutually enhance each other’s cell function (Kirkpatrick et al., 2011). In addition, abundant blood supply prevents infection (Han et al., 2014).
Most currently applied regenerative approaches rely on extrinsic vascularization with the neovascular bed originating from the tissue bed outside of the defect rather than being formed within the grafted defect so as to enable adequate perfusion of extensive grafts. The intrinsic vascularization concept on the other hand is founded on the principle that an artery or vein serve as sources of new capillary formation within the grafted or newly formed tissue. To this end, the “intrinsic angiogenesis chamber” technique entails the creation of an arteriovenous loop (AVL) (Lokmic et al., 2007; Lokmic and Mitchell, 2008a; Lokmic and Mitchell, 2008b; Eweida et al., 2014; Fan et al., 2014) or an arteriovenous bundle (AVB) (Tanaka et al., 2003; Houben et al., 2021; Ismail et al., 2021) utilizing microvascular surgical techniques. The AVL technique is based on the discovery of Erol and Spira (1980), who showed that by creating an AV loop spontaneous sprouting of blood vessels out of this loop was achieved. The AVL serves as a source for neoangiogenesis and formation of a network of capillaries beginning to form at the 3rd postoperative day with angiogenesis reaching its peak at day 10 (Lokmic et al., 2007; Lokmic and Mitchell, 2008a), resulting in a robust vascular network (Mian et al., 2000; Messina et al., 2005; Morritt et al., 2007). Tanaka et al. (2003) found the AVB technique using a femoral AVB to be an effective and practical vascular carrier for producing a tissue-engineered skin flap. Taken together, the intrinsic vascularization approach has been found to result in a considerably greater angiogenic and osteogenic effect than extrinsic vascularization (Kokemueller et al., 2010; Fan et al., 2014). Over the last decade, the AVL and AVB approaches have been further adapted for their use in tissue engineering (Ren et al., 2008; Rath et al., 2012; Ismail et al., 2021). The AVL approach was utilized in sheep and goats to achieve vascularization of a growth chambers filled with β-TCP-hydroxyapatite (HA) granules in combination with autogenous mesenchymal stem cells (MSCs) and rhBMP-2 (bone morphogenetic protein-2) or in a goat model for the reconstruction of critical-size (but not segmental) mandibular defects using a scaffold composed of 60% HA/40% TCP in combination with autogenous platelet-rich plasma (PRP) and BMP-2 (Eweida et al., 2014). Furthermore, Horch et al. (2014) published the first two patient cases, in which the AVL technique was successfully used for bone repair of defects in the radius and ulna by combining β-TCP/HA, fibrin glue and bone marrow aspirate from the iliac crest with an AVL. More recently, Ismail et al., 2021 published a patient case, in which an AVB was used to pedicle an ectopically created tissue engineered bone graft, which was created by combining an allogenic devitalized bone matrix, stromal cells and BMP-2, which were wrapped in the latissimus dorsi muscle and then used to reconstruct a complex hemimaxillary defect, for which the AVB was anastomosed with the vasculature of the recipient site using microvascular surgery. This approach succeeded in reconstructing the orbital floor, in achieving separation of the oral and nasal cavities, and midface symmetry. It furthermore allowed the patient to return to normal diet as well as to restore normal speech and swallowing function. Consequently, the intrinsic angiogenesis approach utilizing AVLs of AVBs appears to be a promising strategy for vascularizing bone tissue engineered constructs.
The objective of this study was to explore an advanced bone tissue engineering approach combining an advanced binder jet 3D powder bed printing technique for bioactive resorbable ceramic scaffolds with an advanced perfusion flow cell culture technique for pre-colonization of these scaffolds with mesenchymal stem cells, and with an intrinsic AVB angiogenesis technique for regenerating critical size, segmental discontinuity defects in vivo applying rat model. Consequently, the specific aims of this study entailed evaluating the effect of 3D printed bioactive Si-CAOP scaffolds, which were endowed with homogenously distributed osteoblasts and mineralizing bone matrix as a result of in vitro pre-colonizaton, on angiogenesis, bone formation and segmental bone defect repair in vivo when using a microvascular AVB technique as compared to that of Si-CAOP scaffolds produced using the Schwarzwalder Somers (SSM) replica technique. This included analyzing the effect of differing scaffold microarchitecture arising from 3D powder bed printing (i.e., rapid prototyping, RP) or the Schwarzwalder Somers (SSM) replica fabrication technique on vascularization and bone regeneration employing a well-established femoral segmental bone defect model in the rat (Oest et al., 2007).This was, furthermore, to achieve proof of concept prior to advancing with the most suitable scaffold configuration to a large animal mini-pig model featuring a critical size segmental mandibular defect following well established translational and animal ethics principles (Supplementary Figure S1).
MATERIALS AND METHODS
Preparation of bioceramic scaffolds
Scaffold base bioceramic material
Scaffolds were prepared from a silica containing CAOP powder (Si-CAOP, code GB9S14) whose composition and synthesis have been described in detail elsewhere (Adel-Khattab et al., 2018). In brief, Si-CAOP features the main crystalline phase Ca2KNa(PO4)2 and (Schneider et al., 1994) a small amorphous portion containing MgKPO4 and a 4 wt% SiO2 glass phase, which served as sintering aid. The GB9S14 Si-CAOP composition was as follows: main component (96%) - CaO (30.67 wt%), P2O5 (43.14wt%), Na2O (9.42wt%), K2O (14.32wt%), MgO (2.45wt%) to which the 4% SiO2 sintering aid was added. The main component was fabricated by planetary ball milling of a melt resulting from mixing Ca2CO3, MgO, Na2CO3, K2CO3 and H3PO4 followed by milling, calcination and heat treatment at 1,600°C.
Fabrication of SSM scaffolds
Cylindrical SSM Scaffolds 6 mm in length and 5 mm in diameter were fabricated utilizing the SSM replica technique as depicted and described in detail previously (Adel-Khattab et al., 2018). In brief, a polyurethane sponge template featuring irregular interconnecting pores (60 pores per inch (60 ppi), size 200–300 µm) was coated with a slurry prepared from GB9S14 powder (mean grain size: 12.7 µm), followed by pyrolysis of the polymer and sintering, which resulted in bioceramic scaffolds displaying the microarchitecture of the sponge (Adel-Khattab et al., 2018).
Fabrication of RP scaffolds
For the fabrication of 3D printed cylindrical Si-CAOP scaffolds 6 mm in height and 5 mm in diameter binder-jet 3D powder bed printing was utilized employing an ExOne™ 3D printer of the R1Series (ExOne LLC, North Huntingdon, PA, United States), as described and depicted in detail elsewhere (Adel-Khattab et al., 2018). In short, Solid Edge CAD-software was used to generate the STL file for the 3D printing of scaffolds which displayed channels that passed through the scaffolds both horizontally and vertically. For the binder jet 3D powder bed printing process Si-CAOP powder with a grain size of 45–90 µm was generated employing fluidized bed granulation. Binder jet 3D printing was carried out at a resolution of 100 µm employing an aqueous binder and a printing head with a nozzle size of 63 µm. The 3D printing process was followed by depowdering, drying and sintering, as described in more detail previously (Adel-Khattab et al., 2018).
Scaffold material properties
The material properties such as porosity and pore size distribution, dissolution behavior, selective ion release, surface area and compressive strength of both scaffold types have been characterized in depth in a previous study (Adel-Khattab et al., 2018). In brief, while SSM scaffolds exhibited a considerably greater overall porosity of 86.9% when compared to 3D printed RP scaffolds, which had an overall porosity of 50%, RP scaffolds displayed a significantly greater microporosity in combination with a higher percentage of pores ≥600 µm in size. In detail, the distribution of the sizes of the open pores was for SSM scaffolds 8.8% of the pores ≥600 µm, 84.2% of pores 200–600 μm, 3.8% of pores 50–200 μm, and 3.2% of pores ≤50 μm; and for 3D printed RP scaffolds: 32.8% of pores ≥600 µm, 18.5% pores 200–600 μm, 10.7% of pores 50–200 μm, and 38% of pores ≤50 µm. Furthermore, SSM scaffolds exhibited a surface area of 0.081 m2/g and a compressive strength of 0.46 ± 0.2 MPa; and RP scaffolds a surface area of 0.047 m2/g and a compressive strength of 6.6 ± 0.8 MPa. With respect to dissolution behavior, while SSM scaffolds exhibited a considerably higher total ion release, selective ion release for silica, magnesium- and calcium-ions was significantly higher with RP scaffolds. In detail, SSM scaffolds displayed a total ion release of 180 mg/g after 70 days of immersion in TRIS-HCl solution (20 mL per 1 g powder, 37°C, pH 7.4) and RP scaffolds a total ion release of 120 mg/g. In contrast, selective ion-release for silica was 0.07 mg/g for SSM scaffolds vs. 2.59 mg/g for RP scaffolds; for calcium 0.16 mg/g with SSM scaffolds vs. 0.55 mg/g with RP scaffolds; for magnesium 5.3 mg/g for SSM scaffolds and 3.6 mg/g for RP scaffolds; and for phosphate-ions 25.5 mg/g with SSM scaffolds and 14.5 mg/g with RP scaffolds.
Presurgical colonization of scaffolds with osteogenic stem cells under dynamic cell culture conditions
Primary embryonic mesenchymal rat stem cells (MSCs), which were obtained from embryonic rat calvaria (R-OST-583 Lonza, Switzerland) and which were committed to the osteoblastic lineage by utilizing an adequate osteogenic culture medium, were seeded and cultured dynamically for 7 days on 3D printed RP and on SSM scaffolds of group 1 and 2, as outlined in detail previously (Adel-Khattab et al., 2018). These embryonic rat mesenchymal stem cells (MSCs) were committed to the osteoblastic lineage by using an osteogenic culture medium with the following composition: Dulbecco’s Modification of Eagle’s Medium without L-Glutamine, with 4.5 g/L Glucose and Sodium Pyruvate (Gibco, Paisley, UK) containing 10% fetal calf serum and antibiotics (30 μg/mL gentamicin, 15 pg/mL amphotericin B) supplemented with 2 mM L-glutamine, 50 mg/mL ascorbic acid, 5 mmol glycerophosphate (Sigma, St. Louis, MO, United States) and 10–8 M dexamethasone. Cells were expanded in a 37°C, humidified, 5% CO,/95% air incubator. For the in vivo experiments in the rat animal model cell seeding of these osteogenic rat stem cells was carried out at a concentration 3 × 106 cells per ml under dynamic flow conditions of 0.2 mL/min on both SSM and RP scaffolds (group 1 and 2) for 24 h. Subsequently, the circuit configuration was changed as described previously (Adel-Khattab et al., 2018), and dynamic perfusion flow conditions of 0.5 mL/min were used for culturing the cells on both types of scaffolds for 7 days prior to in vivo implantation. These specific seeding and culture condition were selected based on a previous study, which showed that these experimental conditions reliably facilitated a homogenous distribution of terminally differentiated osteoblasts and mineralizing bone matrix throughout both types of scaffolds after 7 days of dynamic culture thereby creating a Si-CAOP bone graft in vitro, which mimicked the advantageous features of autologous bone grafts in that it was endowed with terminally differentiated osteoblasts and mineralizing bone matrix at the time of in vivo implantation (Adel-Khattab et al., 2018). This is in addition to permitting a manufacturing process which can fabricate synthetic bone grafts that exactly match the morphology of the patient defect based on the patient-specific CT data (Adel-Khattab et al., 2018).
In vivo rat study
Experimental design in vivo rat study
In the current study, a femoral segmental defect model was used in 80 six-month old female Wistar rats involving creation of a 6-mm long critical size segmental defect in the left femur of each animal (Oest et al., 2007). In 20 rats a 3D printed RP (rapid prototyping) scaffold, on which MSCs had been cultured dynamically for 7 days, was implanted in this segmental discontinuity defect in combination with an AVB (group 1, denominated: RP, cells & AVB) for 3 (group 1a, n = 10) and 6 months (group 1b n = 10). Another 20 rats received an SSM scaffold, on which rat MSCs had been cultured dynamically for 7 days, in combination with an AVB (group 2, denominated: SSM, cells & AVB) for 3 (group 2a, n = 10) and 6 months (group 2b, n = 10). Native 3D printed RP and SSM scaffolds (without use of cells or the AVB technique) served as controls. Thus, the remaining rats received either a RP scaffold (group 3, denominated: RP control) or a SSM scaffold (group 4, denominated: SSM control) for 3 and 6 months (RP scaffold, 3 months, group 3a, n = 10; RP scaffolds 6 months, group 3b, n = 10), SSM scaffolds 3 months, group 4a, n = 10; SSM scaffolds 6 months, group 4b, n = 10. Within each group 5 animals were used for angio-micro-computed tomographical (angio-µCT) analysis, which required decalcification of the bone samples, and 5 animals were used for undecalcified hard tissue histology, histomorphometric and immunohistochemical analysis.
Surgical procedures
The design of the animal experimentation was officially reviewed, and animal ethics approval was granted by the local authorities (reference No. V 54–19 c 20 15 h 01 MR 20/25) in accordance with the German and European Animal Welfare guidelines. All surgical procedures were carried out under general anesthesia by intraperitoneal injection of 75 mg/kg ketamine, 5–8 mg/kg Xylacin, 0.2 mL/100 g weight of the rat with administration of tramadol (20 mg/kg) for analgesia also via intraperitoneal injection during general anesthesia of the animals, which on the average were 354 g in weight. First, the left lower extremity of the rats was extended, shaved and fixed with patches to the operating table. After sterile covering of the surgical field, a transverse incision was performed in the course of the inguinal ligament. A critical size defect was created in all groups; and an AVB was prepared and positioned in the center of the defects/scaffolds in group 1 and 2. The AVB was prepared from the same side of the femur, by preparing the femoral artery and vein as a bundle using a microsurgical technique. Placement of an osteosynthesis plate (RIS system, Davos, Switzerland) utilizing 6 screws was followed by creating a 6-mm long critical size segmental bony discontinuity defect in the left femur with a Gigly wire saw, while the osteosynthesis plate and the six fixation screws facilitated defect stabilization (Le et al., 2001) (Figures 2A–C). One scaffold of the four experimental scaffold groups (per animal) was inserted press fit into these defects, and finally covered by a collagen membrane (Collprotect® (Botiss Inc., Berlin, Germany). In group 1 and 2 the AVB was guided through the muscle bundles, transposed directly to the center of the scaffold and sutured to the collagen membrane so as to prevent any dislocation utilizing a 6–0 resorbable suture (SERAFAST® Undyed, SERAG-WIESSNER) (Figures 1B, C). Multilayer suturing for wound closure involved utilizing horizontal mattress and interrupted 3–0 resorbable sutures (VICRYL plus Ethicon Polyglactin 910). Skin suturing was performed by using interrupted 5–0 non resorbable sutures (Monocryl Ethicon Sutures 5/0 P-3 13 mm 45 cm Undyed Y493G). In the first 6 postoperative days 20 mg/kg of tramadol (Tramadol-Mepha® (CH)) were administered in the drinking water for postoperative pain relief and 50 mg/mL of Enrofloxacin (BaytrilWDT, WDT, Germany) for antibiotic prophylaxis. In cases of severe pain 4 mg/kg of Rimadyl were given up to 24 h. After 7 days, the initial wound healing was assessed, checked and sutures were removed.
[image: Figure 2]FIGURE 2 | Intraoperative photographs of the rat surgeries, (A) depicting the critical size segmental defect (black arrows), osteosynthesis plate–blue arrow; (B) implantation of a SSM scaffold (yellow arrow); (C) placement of a 3D printed RP scaffold (yellow arrow); arteriovenous bundle (AVB)—green arrow, collagen membrane–grey arrow.
Euthanasia and sample collection
At two time points three and 6 months postsurgically euthanasia of the rats was performed under general anesthesia by inhalation of CO2. For angio-µCT analysis perfusion with a contrast agent was performed as described by Kampschulte et al. (2016). In brief, puncturing of the abdominal aorta was followed by cannulation with a 24 G i.v. Catheter and injection of 10 mL of a 0.9% NaCl-solution for achieving effluent free of blood. Subsequently, injection of 10 mL of a lead containing silicone polymer (Microfil® MV-122, Flow Tech, Carver, MA, United States) was carried out for perfusion with the contrast agent, which was allowed to polymerize for 60 min. Then the femora were removed, fixed in formalin and decalcified in 5% EDTA/0.1 M Tris–HCL, pH 7.3, before μCT acquisition was performed. Decalcification of the bone samples was required because of the similar radiographic densities of the bioceramic scaffolds, bone and the contrast agent.
Angio-micro-computed tomography analysis
A high energy micro-computed tomography (microCT) system (µCT 1,173, Bruker, Kontich, Belgium) was utilized for scanning the entire decalcified femora with the following setting: spatial resolution- 7.1 μm isotropic voxel side length, no filter, 4-fold frame averaging, 0.2° rotation steps. The tube voltage was - 130 kVp, and the tube current - 60 μA. A Feldkamp algorithm was applied for generating images with an 8-bit gray-scale resolution from the projection data (Figure 3). CTAn CT analyzer software (Bruker, Kontich, Belgium) was employed for carrying out the various measurements and analyses. Image stacks for the defect area 6 mm in length were selected within the decalcified femora based on the distance between the two fixation screws adjacent to the defect margins. Acquisition of gray-scale image sets of the regions of interest (ROI) (Figure 3B) was followed by binarization employing a locally adaptive binarization technique in order to identify the vasculature (Figures 3C, D). Analysis of vascularity excluded areas with high-density gray values which represented metal particle artifacts originating from metal particles (Figure 3D). The contralateral untreated femora served as reference.
[image: Figure 3]FIGURE 3 | Representative images of the angio-µCT analysis. Angio-µCT analysis involves image and raw data acquisition and analysis of a stack of 857 slices, which entails grey scale transformation (B), smoothing and noise reduction, segmentation (C), segmentation of foreground from background, operations based on binary arithmetic, binarization, removal of speckles from images and calculation of 3D parameters from binary images (D) employing custom made algorithms of the CTAn CT analyzer software as well as a sphere fitting algorithm for determining thickness. (A) Angio-µCT image (maximum intensity projection), which visualizes the vasculature within the segmental critical size defect, the fixation screws of the osteosynthesis plate, which are located outside of the defect appear as white bars, decalcification allows a depiction of the microvessels in the critical size defect; (B) grey scale image generated after grey scale transformation, (C) grey-scale image with red false-color overlay of binary segmentation (D) binary image of the region of interest, in which radiopaque dots correspond to blood vessels. The 3D parameters are calculated from these binary images employing custom made algorithms of the CTAn CT analyzer software as well as a sphere fitting algorithm for determining thickness. Taken together the following parameters are calculated: blood vessel volume fraction, blood vessel surface/blood vessel volume, blood vessel thickness, blood vessel density and blood vessel linear density.
The following morphometry parameters were measured using the CTAn CT analyzer software (Bruker, Kontich, Belgium):
The vascular volume fraction (blood vessel volume %) was calculated using the following equation:
[image: image]
The sum of all pixels marked as contrast agent subsequent to thresholding yields the TCAV (total (contrast agent volume), TCAS (total contrast agent surface) denotes the surface of the binarized objects and TTV (total tissue volume) represents the sum of all pixels within the ROI (Kampschulte et al., 2016).
The vascular surface/vascular volume (blood vessel surface/blood vessel volume) was calculated using the following equation:
[image: image]
Vascular (blood vessel) thickness (µm).
Vascular (blood vessel) density (1/mm). The blood vessel density represents the blood vessel area (mm2) per unit volume (mm3).
Vascular (blood vessel) linear density (1/mm). The blood vessel linear density was calculated as the total vascular length (mm) divided by the total area of the ROI (mm2).
A sphere fitting algorithm was employed for determining structure thickness as described by Hildebrand and Ruegsegger (1997).
Histomorphometric and immunohistochemical analysis for angiogenic and osteogenic markers
Five specimens per experimental group (group 1–4, i.e., RP and SSM scaffolds with and without cells and AVB), and per time point (three and 6 months) were subjected to undecalcified hard tissue histologic and immunohistochemical analysis without removing the bioceramic biomaterial from the tissue blocks and sections, which is the case with routine decalcified paraffin embedding and sections. An advanced resin embedding hard tissue histologic technique was employed, so as to facilitate examining the cell and tissue response at the bone-bioceramic material interface at a molecular level. For histologic processing, the ends of the femora were removed in order to obtain a femoral segment which contained the critical size 6-mm defect region and 3 mm of the adjacent native bone. This was followed by fixing the femoral bone blocks in an ethanol-based fixative (HistoCHOICER, Amresco, United States) at RT (20°C–22°C) for 5 days, and processing, as described in detail elsewhere (Knabe et al., 2006; Knabe et al., 2008a; Knabe et al., 2017b; Knabe et al., 2017c). In brief, resin embedding was performed utilizing a mixture of methylmethacrylate and butyl-methacrylate and polymerizing conditions which maintained the antigenicity of the tissue. After gluing the polymerized blocks to acrylic slides (Plexiglas slides #404150/GLS, Walter Messner GmbH, Germany) 50 μm-thick sections were cut parallel to the long axis of the scaffolds and femora with a Leitz 1,600 sawing microtome (Leitz, Wetzlar, Germany) followed by grinding and polishing. The following primary antibodies were employed for immunohistochemical staining, which was described in detail previously (Knabe et al., 2017b; Knabe et al., 2017c), in order to analyze expression of osteogenic and angiogenic markers: monoclonal mouse anti-collagen type IV, anti-collagen type I, (Col I), anti-osteocalcin (OC), anti-bone sialoprotein (BSP), anti-alkaline phosphatase (ALP) antibodies (Abcam Cambridge, UK), and rabbit polyclonal antibodies against von Willebrand factor (vWF) (Abcam ab6994), and CD-31 (Abcam ab119339). Non immunized mouse, and rabbit IgG (PP54 and PP64) (Millipore, Billerica, Massachusetts, United States) served as negative controls to rule out non-specific reactions of mouse and rabbit IgG as outlined previously (Knabe et al., 2017b; Knabe et al., 2017c). Incubation with primary antibodies was followed by application of a peroxidase labelled dextran polymer conjugated to goat anti-mouse and anti-rabbit immunoglobulins and a 3-amino-9-ethylcarbazole (AEC) system for color development (DAKO, Glostrup, Denmark). Counterstaining was carried out with Mayer’s hematoxylin and mounting of coverslips with Kaiser’s glycerol gelatine (Merck KGaA, Darmstadt, Germany).
These longitudinal sections were subjected to histomorphometric analysis employing a light microscope (BX63; Olympus, Hamburg, Germany) and digital camera (DP73, Olympus, Hamburg, Germany) in combination with cellSens™ software. The following parameters were measured and analyzed as percentage of the total: the bone area fraction, the scaffold material area fraction for characterizing the biodegradability of the Si-CAOP scaffolds, and the bone-bioceramic contact for characterizing the bone bonding behavior of the scaffold bioceramic material. For determining the bone-bioceramic contact, first the total length of the bioceramic-tissue interface was measured in the undecalcified tissue sections using the cellSens™ software. This was followed by measuring the length of the bone-bioceramic contact. And the bone-bioceramic contact was then expressed as percentage of the total length. In addition, semi-quantitative analysis of expression of osteogenic and angiogenic markers in the various cell and matrix components of the tissue was carried out by two experienced investigators on the immunohistochemically stained sections as outlined in detail previously (Knabe et al., 2008a; Knabe et al., 2017b; Knabe et al., 2017c). For quantifying the amount of staining with respect to osteogenic marker expression, a semi-quantitative scoring system was applied which assigned a score of (+++[ = 5]), (++[ = 4]), and (+[ = 2]) to generalized strong, moderate or mild staining, and a score of (+++[ = 4]), (++[ = 3]), and (+[ = 1]) to strong, moderate or mild staining in localized regions. A score of (0) was given for no staining. The scores for the amount of staining for a respective osteogenic marker in a given cellular or matrix component were then averaged, and an average score of 3.5–5 was assessed as strong expression in the given scaffold group, and average scores of 2.3–3.4, 1–2.2, 0.1–0.9 were regarded as moderate, mild and minimal expression as previously outlined in detail (Knabe et al., 2008a; Knabe et al., 2017b; Knabe et al., 2017c). Also for assessing the density of the positively stained blood vessels an analogous semi-quantitative scoring system was employed, in which a score of (+++[ = 3]), (++[ = 2]), and (+[ = 1) denoted high, moderate or low blood vessel density, and a score of (0) absence of positively stained blood vessels. An average score of 2.5–3 was then assessed as high density in the respective experimental group, and an average score of 1.6–2.4 as moderate, an average score of 1–1.5 as slight, and an average score of 0.1–0.9 as minimal density.
Statistical analysis
For statistical analysis the Kruskal–Wallis and Conover-Iman tests were utilized for multiple comparisons employing StatsDirect (version 3.0.150) software. Statistical significance was considered achieved for p < 0.05 and the data were expressed as mean ± standard deviation.
RESULTS
Angio µ-CT analysis
After 3 months of implantation a significantly greater blood vessel volume% was noted in defects reconstructed with RP, cells & AVB compared to those grafted with the SSM control (p ≤ 0.005), and compared to the intact femur (p ≤ 0.0004). Regarding blood vessel volume, blood vessel surface/volume and blood vessel thickness the differences were not statistically significant when comparing RP, cells & AVB to SSM, cells & AVB, SSM controls or to the intact femur, while blood vessel surface/volume was significantly greater in defects reconstructed with RP, cells & AVB compared to those grafted with RP controls (p ≤ 0.0001) or compared to the intact femur (p ≤ 0.0001). Defects reconstructed with either RP controls or SSM controls, i.e., without MSCs and AVB, displayed a significantly lower blood vessel thickness than the intact femur. Defects reconstructed with RP, cells & AVB to displayed a significantly higher blood vessel linear density than defects, in which RP controls (p ≤ 0.002) or SSM controls scaffolds (p ≤ 0.0078) were inserted, or than the intact femur (p ≤ 0.0001). Differences in blood vessel density were not statistically significantly different when comparing the RP, cells & AVB group to the SSM, cells & AVB group, while blood vessel density in the RP, cells & AVB group was significantly higher than in the RP control group (p ≤ 0.0302) or SSM control group (p ≤ 0.0154), or than in the intact femur (p ≤ 0.0001) (Figure 4; Table 1).
[image: Figure 4]FIGURE 4 | Box plot diagrams depicting the results of the angio-µCT analysis after 3 months of implantation. (A) Blood vessel volume%, (B) Blood vessel surface/blood vessel volume, (C) Blood vessel thickness, (D) Blood vessel density, (E) Blood vessel linear density in defects, in which RP, cells & AVB; SSM, cells & AVB, RP controls or SSM controls were implanted for 3 months. (*p < 0.05, **p < 0.001, ***p < 0.0001). Intact collateral femurs served as reference. The centerline represents the median. Half of the scores are less than the median and half are larger than the median. The two ends of the box show the range within which the middle 50% of all measurements lie, and the whiskers indicate the range within which the middle 75% of all measurements lie.
TABLE 1 | Results of the angio-μCT analysis (mean + SD) at 3 months and at 6 months in defects grafted with the four different scaffold configurations.
[image: Table 1]After 6 months of implantation defects reconstructed with RP, cells & AVB displayed a statistically significant higher blood vessel volume %, blood vessel surface/volume, blood vessel thickness, blood vessel linear density, and blood vessel density than defects grafted with SSM, cells & AVB, RP controls or SSM controls (p < 0,05). The same was true when comparing the RP, cells & AVB group to the intact femur, except for blood vessel thickness for which the difference was not statistically significant. (Figure 5; Table 1).
[image: Figure 5]FIGURE 5 | Box plot diagrams depicting the results of the angio-µCT analysis after 6 months of implantation. (A) Blood vessel volume%, (B) Blood vessel surface/blood vessel volume, (C) Blood vessel thickness, (D) Blood vessel density, (E) Blood vessel linear density in defects, in which RP, cells & AVB; SSM, cells & AVB, RP controls or SSM controls were implanted for 6 months. Intact collateral femurs served as reference (*p < 0.05, **p < 0.001, ***p < 0.0001). The centerline shows the median. Half of the scores are less than the median and half are larger than the median. The two ends of the box show the range within which the middle 50% of all measurements lie, and the whiskers represent the range within which the middle 75% of all measurements lie.
There was no significant increase in blood vessel volume% when comparing defects treated with RP, cells & AVB after 3 months to those after 6 months (Table 1). The same was true when comparing defects with RP controls or SSM controls at 3 months to those after 6 months. However, there was a significant increase in blood vessel volume noted when comparing defects grafted with SSM, cells & AVB at 3 months to those after 6 months of implantation (p ≤ 0.02). There was a significant increase of blood vessel surface/volume when comparing defects with RP, cells & AVB after 3 months to those after 6 months; the same was true when comparing defects with RP controls after 3 months to those after 6 months. Defects reconstructed with RP, cells & AVB also showed a significant increase of blood vessel thickness from 3 to 6 months (p ≤ 0.0001), while there was no significant increase in blood vessel density or in linear density from 3 to 6 months. Defects grafted with SSM, cells & AVB, on the other hand, showed a statistically significant decrease in blood vessel density (p ≤ 0.04) and linear density (p < 0.05) from 3 to 6 months (Table 1).
Immunohistochemical analysis of angiogenic marker expression and vascular density level scoring
After 3 months of implantation, in defects grafted with RP, cells & AVB the highest blood vessel density scores of 2.5 for Col IV, 2.6 for vWF and 2.25 for CD 31 were noted among the various scaffold configurations, followed by defects, in which SSM, cells & AVB were used, with scores of 1.75 for vWF and CD31, and 1.5 for Col IV (Table 2). Defects with RP control and SSM control scaffolds displayed lower scores of 1 and 0.8, respectively, for CD 31; 0.5 and 0.4, respectively, for vWF; and scores of 1.5 and 1.33, respectively, for Col IV, corresponding to a minimal or slight density of positively stained blood vessels (Table 2; Figure 6).
TABLE 2 | Results of the collagen IV, CD31 and vWF immunoscoring for the vascular density levels in defects grafted with the four different scaffold configurations.
[image: Table 2][image: Figure 6]FIGURE 6 | Histomicrographs of deacrylated sawed sections immunohistochemically stained for Von-Willebrand-Faktor (vWF). (A) Bone tissue which has formed after 3 months of implantation in a defect grafted with a RP, cells & AVB scaffold. A blood vessel with moderate to strong staining for vWF (black arrow) is visible in the vicinity of residues of the highly degraded silica containing calcium alkali orthophosphate (Si-CAOP) bioceramic scaffold material, which display excellent bone bonding behavior (yellow arrows), bar = 20 μm; (B) bone tissue formation after 3 months of implantation of a SSM, cells & AVB scaffold in the rat femoral segmental defect. Blood vessels with strong staining for vWF (black arrows) are present in the vicinity of the residues of the degraded Si-CAOP bioceramic scaffold material (yellow arrows), bar = 20 μm; (C) histomicrograph showing bone tissue which has formed after 3 months of implantation of a RP control scaffold in a segmental defect in the rat femur. Blood vessels with positive mild staining for vWF (black arrows) are visible adjacent to residues of the degraded Si-CAOP bioceramic scaffold material (yellow arrow), bar = 50 μm; (D) Histomicrograph showing blood vessel formation with mild to moderate staining for vWF (black arrows) in bone tissue which has invaded the pores of a degrading SSM control scaffold (yellow arrows—bioceramic scaffold material displaying good bone bonding) after 3 months of implantation, bar = 20 µm.
At 6 months, defects with RP, cells & AVB displayed a score of 2.75 for collagen IV and CD 31, and 2.6 for vWF, which corresponded to a high density of positively stained blood vessel, while in defects with SSM, cells & AVB slightly lower scores of 2.5 for vWF and 2 for Col IV and CD 31 were noted (Table 2). Defects with RP controls yielded a lower score of 1.5 for vWF and similar scores for Col IV and CD 31, followed by defects with SSM controls with a score of 2 for Col IV, and 1.3 and 1 for vWF and CD31, respectively (Table 2).
Results of the histomorphometric analysis
Bone area fraction
At 3 months, the greatest bone area fraction, i.e., greatest bone formation, was noted in defects grafted with RP, cells & AVB (75.8%, mean) followed by defects grafted with SSM, cells & AVB (67%, mean), then defects with RP controls (62%), and finally in defects with SSM controls (57%, mean). These differences in bone area fraction were statistically significant, when comparing defects reconstructed with RP, cells & AVB at 3 months to defects grafted with RP controls (p ≤ 0.01) or SSM controls (p ≤ 0.0008). The differences in bone area fraction at 3 months, when comparing defects with RP, cells & AVB to those with SSM, cells & AVB, were, however, not statistically significant, and only showed a trend toward greater bone formation (p ≤ 0.07) (Figure 7A).
[image: Figure 7]FIGURE 7 | (A) Histogram outlining the result of the histomorphometric measurements of the bone area fraction, in defects grafted with RP, cells & AVB; SSM, cells & AVB, RP controls or SSM controls after 3 and 6 months of implantation (*p < 0.05). All values are mean ± standard deviation of 5 measurements. (B) Histomicrograph of deacrylated sawed sections of segmental defect after 6 months of implantation of a RP, cells & AVB scaffold showing bridging of the rat femoral defect, fixation screws (red arrows); 6 mm defect (green line).
After 6 months, defects grafted with 3D printed scaffolds, cells & AVB displayed defect bridging (Figure 7B) and the greatest amount of bone area fraction (89%, mean) followed by sites, in which 3D printed control scaffolds were used (75%, mean), then by defects with SSM scaffolds, cells & AVB (74%, mean) and finally by defects in which SSM control scaffolds were implanted (66%, mean) (Figure 5). These differences in bone area fraction were statistically significant, when comparing defects with RP, cells & AVB after 6 months of implantation to sites with SSM, cells & AVB (p = 0.03) or to defects with RP controls or SSM controls after 6 months (p = 0.03 and 0.01 respectively) (Figure 7A).
Scaffold bioceramic area fraction
A decrease in scaffold area fraction was noted between 3 and 6 months of implantation with all scaffold configurations, there, however, were no statistically significant differences in scaffold area fraction when comparing the four different scaffolds configurations to each other at 3 and 6 months of implantation (Figure 8A). Si-CAOP scaffolds of all test groups exhibited a high biodegradability after 6 months, which was highest with RP, cells & AVB, without this difference being statistically significant. This was, however, associated with greatest bone formation (Figure 7A).
[image: Figure 8]FIGURE 8 | Results of histomorphometric measurements of scaffold area fraction (A) and bone biomaterial contact (B): (A) line graph showing the change in scaffold area fraction in the 4 different experimental groups from 3 to 6 months. All values are mean ± standard deviation of 5 measurements. (B) Histogram showing the bone biomaterial contact percentage in defects grafted with RP, cells & AVB; SSM, cells & AVB, RP controls or SSM controls after 3 and 6 months of implantation. All values are mean ± standard deviation of 5 measurements.
Bone biomaterial contact
RP, cells & AVB displayed the highest bone biomaterials contact (bone bonding behavior) at 3 and 6 months, however, without this difference being statistically significant (Figure 9). Taken together, there was no significant difference in the bone biomaterial contact percentage when comparing the four different experimental groups to each other after 3 months and 6 months of implantation (Figure 8B). All scaffold configurations exhibited high bone biomaterial contact, i.e., excellent bone bonding behavior (Figures 6, 8B, 9) of the residual Si-CAOP material, with a tendency towards higher bone bonding for RP, cells & AVB.
[image: Figure 9]FIGURE 9 | Histomicrographs of deacrylated sawed sections immunohistochemically stained for osteocalcin (OC). (A) Bone tissue which has formed after 3 months of implantation in a defect grafted with a RP, cells & AVB. The highly leached Si-CAOP bioceramic exhibits excellent bone biomaterial contact, i.e., bone bonding behavior (yellow arrows). Osteoblasts with strong osteocalcin expression (black arrows) are present at the surface of the degrading Si-CAOP material. This is indicative of ongoing matrix mineralization, bone formation and remodeling with the bioceramic material being gradually replaced by newly formed bone. (B) Lamellar bone which has formed after 6 months of implantation in a defect grafted with a RP, cells & AVB. Osteocytes (green arrow) and osteoblasts (black arrow) with strong osteocalcin expression are visible indicating areas with active bone remodeling. (C) Degrading and partially highly leached Si-CAOP ceramic material displaying excellent bone bonding (yellow arrows) after 3 months of implantation of an SSM control scaffold. Osteoblasts with strong osteocalcin expression (black arrows) are present at the surface and in the pores of the degrading Si-CAOP material indicating areas of progressing matrix mineralization and bone formation with the bioceramic material being gradually replaced by newly formed bone. (D) Highly leached residual Si-CAOP ceramic material after 6 months of implantation of an SSM control scaffold. The presence of osteoblasts with strong osteocalcin expression (black arrows) demonstrates actively progressing bone formation, which gradually replaces the Si-CAOP ceramic material, bar = 20 µm.
Immunohistochemical analysis of osteogenic marker expression
The results of the semi-quantitative scoring of the of the osteogenic marker expression of osteocalcin, bone sialoprotein, alkaline phosphatase and type I collagen in the various cell and matrix components of the bone tissue, which has formed in the segmental femoral defects 3 and 6 months after implantation of various scaffold configurations are given in Tables 3, 4. Defects, in which RP, cells & AVB were implanted, showed higher expression scores for most of the osteogenic markers in both osteoblasts and the mineralized bone matrix after 3 and 6 months of implantation when compared to the other scaffold configurations. In this they were followed by defects with SSM, cells & AVB (Tables 3, 4). Figure 9 demonstrates the excellent bioactive and bone bonding behavior of the residual Si-CAOP bioceramic material of the RP and SSM scaffolds. Osteoblasts with strong osteocalcin expression are visible at the surface of the degrading highly leached bioceramic material. This is indicative of ongoing matrix mineralization, bone formation and remodeling with the bioceramic material being gradually replaced by newly formed bone tissue.
TABLE 3 | Immunoscoring results of the expression of osteocalcin, bone sialoprotein, alkaline phosphate and type I collagen in the various cell and matrix components of the bone tissue formed after 3 months of implantation of the various scaffold configurations.
[image: Table 3]TABLE 4 | Immunoscoring results of the expression of osteocalcin, bone sialoprotein, alkaline phosphate and type I collagen in the various cell and matrix components of the bone tissue formed after 6 months of implantation of the various scaffold configurations.
[image: Table 4]DISCUSSION
Even when using 3 D bioceramic scaffolds, whose material properties and architecture enhance bone formation, for bone tissue engineering, failure to ensure sufficient blood supply for the tissue engineered construct will most likely lead to a compromised outcome. As such, vascularization is crucial for bone repair of large discontinuity defects. In this context, creating an AVL or AVB using microvascular surgery is a reliable approach for achieving intrinsic vascularization, which is underscored by the findings reported by Arkudas et al. (2015), who demonstrated that between 10 and 14 days after implantation of an AVL direct luminal sprouting occurred from the femoral vein and that more than 90% of their scaffold were vascularized 8 weeks after implantation of the AVL. In addition, improved osteoblasts survival due to intrinsic vascularization was shown (Arkudas et al., 2007; Polykandriotis et al., 2009). To our knowledge, the methodology outlined in this paper is a novel approach for characterizing the vascularization of a bone tissue engineered construct and scaffolds after 3 and 6 months of in vivo implantation entailing the use of an AVB in a comprehensive manner. The overall objective of our study was to explore an advanced bone tissue engineering approach, combining 3D powder bed printed bioactive resorbable bioceramic scaffolds with an advanced perfusion flow cell culture technique for pre-colonization of these scaffolds with mesenchymal stem cells, and with an advanced intrinsic AVB angiogenesis technique, for repair of critical size, segmental discontinuity defects in a femoral rat model. To this end, the specific aims of this study entailed evaluating the effect of 3D printed bioactive Si-CAOP scaffolds endowed with homogenously distributed osteoblasts and mineralizing bone matrix by pre-colonization and implanted with an AVB, on the neovascularization of the tissue engineered construct and on bone formation and repair of these critical-size segmental defects after 3 and 6 months as compared to utilizing scaffolds manufactured by the conventional SSM replica technique. To avoid poor vascularization in the center of the tissue engineered construct resulting from slow blood vessel ingrowth from the native bone adjacent to the defect, as is common with the extrinsic vascularization mode, microvascular surgery was applied for creating an AVB which was placed in the center of the 3D printed or the SSM scaffolds pre-colonized with mesenchymal stem cells during in vivo implantation to achieve intrinsic vascularization of the tissue engineered constructs with capillary formation spreading from the center of the discontinuity defect towards the periphery (Yang et al., 2013).This approach was in line with a study that also utilized an AVB technique and reported that tissue engineered bone pre-vascularized with a saphenous arteriovenous vascular bundle was capable of enhancing osteogenesis leading to successful repair of fibular defects in beagle dogs (Cai et al., 2011). In our study, for quantification of blood vessels formed in the defects grafted with the different scaffold types with and without cell pre-colonization and AVB, first, a sequence of intravascular contrast enhancement steps was applied followed by reduction of X-ray absorption of the bone samples. Subsequently, 3D morphometry was performed to characterize the distribution pattern of the microvasculature (Kampschulte et al., 2016). After 6 months of implantation defects reconstructed with RP, cells & AVB exhibited a significantly higher blood vessel volume percentage (mean 2.79%) compared to defects grafted with SSM, cells & AVB (mean 1.25%). This may be related to the fact that 3D printed scaffolds displayed a significantly greater amount of homogenously distributed macropores larger 600 µm in size (32.8% of pores) than the SSM scaffolds with only 8.8% of their pores having a size of more than 600 µm. This would be in agreement with findings reported by Bai et al. (2010) who reported that macropores larger than 400 μm supported angiogenesis and osteogenesis progression, and were suitable for bone tissue engineering applications (Bai et al., 2010). With the RP, cells & AVB group, there was an increase of blood vessel volume% from 2.20% to 2.79% from 3 to 6 months, while with the SSM, cells & AVB group a decrease from 2.22% to 1.25% occurred from 3 to 6 months. This may be due to the specific distribution of pore sizes in 3D printed scaffolds, which may favor the branching of blood vessels, which gradually increased from three to 6 months, while the pore configuration of SSM scaffolds may have limited blood vessel development early on. Moreover, at 6 months, defects in which RP, cells & AVB were implanted, displayed the highest blood vessel surface per volume (211.98 mean), which is a measure for the complexity of the vasculature, whereas a mean value of 107.6 was noted in defects grafted with SSM, cells & AVB. This was associated with a higher increase in blood vessel surface per volume from 106.4 (mean) at 3 months to 211.98 (mean) at 6 months in defects reconstructed with RP, cells & AVB compared to defects, in which SSM, cells & AVB were placed, for which an increase from 92.6 (mean) at 3 months to 107.6 (mean) at 6 months was noted. This may be related to a greater degree of capillary branching occurring from 3 to 6 months in defects, in which RP, cells & AVB were utilized. Defects with RP, cells & AVB also exhibited a greater blood vessel thickness (88 µm mean) than defects with SSM, cells & AVB (57 µm mean) after 6 months with blood vessel thickness increasing from 57 μm to 88 µm between 3 and 6 months for RP, cells & AVB, while in defects grafted with SSM, cells & AVB blood vessel thickness did not increase significantly between 3 and 6 months of implantation. The finding of increase in blood vessel thickness in defects reconstructed with RP, cells & AVB is in agreement with findings reported by Polykandriotis et al. (2009), who when employing an intrinsic vascularization approach observed an increase in diameter of blood vessels after 2 months so as to accommodate increased perfusion from arterioles, precapillary arterioles, capillaries and postcapillary venules, to draining venules and veins. Defects with RP, cells & AVB furthermore displayed a higher blood vessel density and a higher linear blood vessel density after 6 months of implantation than SSM, cells & AVB, than RP controls, and SSM controls. Blood vessel density and linear blood vessel density in defects with RP, cells & AVB increased between 3 and 6 months, however, without this difference being statistically significant. In contrast, in defects, in which SSM, cells & AVB were utilized, blood vessel density and linear blood vessel density decreased between 3 and 6 months. This may be related to greater blood vessel branching occurring in defects, in which RP, cells & AVB were implanted, which then led not only to a higher blood vessel density but also to a linear pattern resulting in a more uniform vascularization throughout the entire defect site. In contrast, defects grafted with SSM, cells & AVB exhibited a lower degree of vascularization, and the blood vessels within the defects grafted with SSM, cells & AVB did not branch from 3 to 6 months, which was associated with significantly lower bone formation.
Angio-µCT was used for these quantitative measurements. In addition, immunohistochemical analysis was used to visualize the blood vessel density within the scaffolds and to study their interaction with bone cells and matrix as well as their formation in conjunction with the formation of the bone tissue. The first marker used for the immunohistochemical analysis was collagen IV, since the major two components of blood vessels basal lamina are collagen-type IV and laminin. Collagen IV is deposited by endothelial cells in layers in the basement membrane (Schlingemann et al., 1991). Defects grafted with RP, cells & AVB showed the highest collagen IV expression, especially after 3 and 6 months with scores of 2.5 and 2.75, respectively. The other 3 groups displayed lower collagen IV expression. This indicates that reconstruction of the segmental defects with RP, cells & AVB resulted in greatest blood vessel proliferation and the most mature vasculature. This finding is in agreement with the fact that pericytes induce the production of the collagen IV matrix, which initiates migration of endothelial cells, formation of cell-cell contacts, maturation and vascular stabilization (Zhou et al., 2016). CD31 is a transmembrane glycoprotein located at the cell-cell junction of endothelial cells which are homotypic contacts and associated with cell adhesion. Homotypic contacts are important for blood vessels formation and maintenance. vWF is synthesized by endothelial cells and megakaryocytes and is considered an important marker protein for the immunohistochemical study of angiogenesis (Newton et al., 1999; Simon and McWhorter, 2002; Pusztaszeri et al., 2006). Defects with RP, cells & AVB displayed the highest score of blood vessel density with positive CD31 expression after 3 and 6 months 2.25 and 2.75, respectively. The other 3 defect groups displayed lesser values. It was shown in a previous study (Adel-Khattab et al., 2018) that 3D printed RP scaffolds displayed a higher percentage of macropores ≥600 µm than SSM scaffolds. Thus our findings for the RP, cells & AVB group were in good correspondence with findings of a study on calcium phosphate cements (CPC) with a macropore range 50–800, average pore size is 490 μm, which reported the self-assembly of endothelial cells in macropores resulting in organization of microcapillary-like structures with multiple sprouts and tube-like structures, whose lumens were branched and interconnected. It furthermore was shown that the prevascular network in these macroporous CPCs was highly interconnected. PECAM1, collagen I, and vWF immunohistochemical assays and SEM examination revealed highly extensive interconnected vascular-like structures on CPC (Thein-Han and Xu, 2013). Both, at 3 and 6 months, defects grafted with RP, cells & AVB displayed the highest density score for vessels with positive vWF expression, which is indicative of a highly proliferative vasculature resulting from the use of the AVB technique in combination with 3D printed RP scaffolds. This is in correspondence with evidence that early endothelial progenitor cells express surface markers such as CD14, CD45, and CD133, while, late endothelial progenitor cells express CD31 and vWF, and which points towards a high proliferative potential with respect to incorporation into the resident vasculature (Shantsila et al., 2008; Costa-Almeida et al., 2014). It furthermore has been shown that silicon doping of 3D printed TCP scaffolds had an enhancing effect both on osteogenesis and angiogenesis (Bose et al., 2017). Previously, we were able to demonstrate that 3D printed RP scaffolds exhibited a greater selective silicon ion release than SSM scaffolds (Adel-Khattab et al., 2018). Consequently, in addition to the difference in microarchitecture and pore size distribution, the greater silicon ion release may also have contributed to the more mature vasculature and greater bone formation observed in our current study when using RP, cells & AVB compared to using SSM, cells & AVB for repair of segmental discontinuity defects. This aspect merits further investigation employing adequate endothelial cell and osteoblast-endothelial cell co-culture studies (Unger et al., 2007; Fuchs et al., 2009).
The histomorphometric analysis of the critical size defects revealed that a greater amount of bone area fraction was present in defects grafted with RP, cells & AVB, i.e. 75% and 89% at 3 and 6 months of implantation followed by defects, in which RP controls without cells were used, i.e. 62% and 75% of bone area fraction at 3 and 6 months, then defects with SSM, cells & AVB, which displayed a bone area fraction of 67% and 70% after 3 and 6 months of implantation, respectively, and finally the sites grafted with the SSM controls, which exhibited 55% and 66% of bone area fraction at 3 and 6 months, respectively. Defects grafted with RP, cells & AVB also displayed the highest osteogenic marker expression. This may be related to the fact that in the previous in vitro study (Adel-Khattab et al., 2018) 3D printed scaffolds displayed the greatest formation of osteoblasts and mineralizing bone matrix elaborated by these cells 1 week after perfusion culture of mesenchymal stem cells, due to exhibiting a highly organized microporosity and interconnected macropores, which favor bone organization and mimic properties of the native bony extracellular matrix. The bone formation pattern in both 3D printed RP scaffolds and SSM scaffolds showed initiation of bone formation on the surface of the material as well as in the pores by formation of bony islands followed by further continuously progressing scaffold leaching and degradation in combination with deposition of osseous tissue inside the increasing scaffold pores and on the surfaces of the scaffolds. The high bone-biomaterial contact, i.e., excellent bone bonding behavior, and high biodegradability noted with RP, cells & AVB was in accordance with findings for Si-CAOP granules in the sheep sinus floor and in the human case (Knabe et al., 2017a,e). The fact that the differences in bone-biomaterial contact, and scaffold area fraction between the different groups were not statistically different, may be related to the high biodegradability of the Si-CAOP scaffolds and the limited residual scaffold material after 3 and 6 months. Greatest bone formation and highest osteogenic marker expression was noted in defects grafted with RP, cells & AVB, with bridging between the two ends of the critical size defects (Rack et al., 2020). And bone remodeling was still progressing at 6 months. This was associated with displaying a more mature vasculature. In this context, it needs to be emphasized that this outcome was achieved purely on the basis of excellent bioactive properties of the 3D printed Si-CAOP bioceramic scaffolds without having to add growth factors or other biologics, which would make regulatory approval costly and complicate translation to the clinic. In addition, when using growth factors such as VEGF or PDGF for regenerating bony defects in cancer patients the risk of inducing recurrence of the tumor or metastases cannot be fully ruled out (Sand et al., 2014). Furthermore, Ayoub et al. (2016) showed that while a BMP-7 containing putty was successfully used for reconstruction of alveolar clefts in young patients, segmental defects in the mandible of elderly patients first appeared to heal but failed long-term. As a result, our advanced tissue engineering approach entailing combination of binder jet 3D powder bed printed Si-CAOP scaffolds with pre-colonization with mesenchymal stem cells and with the AVB technique, which in the current study was first tested in a well-established femoral segmental rat defect model, appears to be a promising approach for reconstructing segmental mandibular defects after tumor ablation. To advance this approach to the clinic, currently a preclinical large animal study, which utilizes a clinically relevant mini-pig model, is underway for patient-specific reconstruction of a critical size segmental mandibular defect employing a 3D printed Si-CAOP scaffold, mesenchymal stem cells and the AVL technique. This entails optimizing scaffold design for upscaling of the scaffold to anatomical relevant dimensions (Supplementary Figure S1), which also requires optimizing perfusion cell seeding and culturing conditions so as to achieve an ideal shear stress on the seeded mesenchymal stem cells during pre-colonization (Voronov et al., 2010; Pham et al., 2012). In addition, longer time periods of 9 and 12 months will be studied so as to be able to further follow the remodeling process of the bone microarchitecture.
In the present study, binder jet 3D powder bed printing was utilized for fabricating 3D Si-CAOP scaffolds. This yielded scaffolds and struts with high microporosity which resulted in a positive biological effect with respect to cell colonization and mineralizing extracellular matrix elaboration during in vitro pre-colonization and with respect to capillary and bone formation in vivo. Alternative 3D printing techniques such as stereolithography 3D printing result in scaffold struts with lower porosity which may not exhibit this positive biological effect. In this context, there have been efforts to develop adequate technologies for increasing the porosity of struts of ceramic scaffolds fabricated by stereolithography 3D printing (Ahlhelm et al., 2021).
In conclusion, angio-µCT and immunohistochemical and histomorphometric analysis demonstrated that the intrinisic angiogenesis AVB technique is a well suited methodology for achieving adequate vascularization of the 3D printed scaffolds and respective tissue engineered constructs after 3 and 6 months of implantation in critical size segmental discontinuity defects and that our tissue engineering approach employing binder jet 3D powder bed printed RP scaffolds facilitated segmental defect repair. As such, defects grafted with RP, cells & AVB exhibited a higher degree of mature vasculature and bone regeneration than defects in which SSM, cells & AVB were used.
As a result, 3D powder bed printed Si-CAOP ceramic scaffolds hold great promise for repair of critical size segmental discontinuity bone defects utilizing a bone tissue engineering approach, which entails scaffold colonization with mesenchymal stem cells and use of the AVB vascularization technique. This is in addition to offering the possibility of producing a synthetic bioceramic patient specific bone graft on the basis of the patient’s CT data. Consequently, proof of concept has been achieved, and a preclinical large animal study employing a clinically representative defect model is underway for evaluating this approach for patient specific reconstruction of large mandibular segmental bone defects, which represents the next step towards translation to the clinical arena in the context of this overall translational research program.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The animal study was reviewed and approved by the Regierungspräsidium Giessen.
AUTHOR CONTRIBUTIONS
CK was PI of the project, designed and managed the study including funding acquisition, manuscript composition and editing, participated in the immunoscoring. DA-K performed the histomorphometric measurements, analysis of angio-µ-CT data, immunoscoring, statistical analysis, contributed to composing the manuscript, MS and BP performed the animal surgeries, AH designed the angiogenesis chamber, MK and AR performed the angio-µ-CT analysis and µ-CT microtomography, GB and RG developed the printable Si-CAOP powder, STL-files and the 3D printing process, JG designed and monitored the 3D printing process parameters, JW and UL performed the 3D printing, characterization of the printed scaffolds, MH, CR, SK, and CS contributed to the animal study, surgical and osteosynthesis design as well as obtaining ethics approval. LX-T contributed to the statistical analysis. All authors contributed to the article and approved the submitted version.
FUNDING
The authors gratefully acknowledge funding by the German Research Foundation (DFG Grant KN 377/8-1) and support by the Charité Foundation in form of the Berlin Institute of Health visiting professorship (Contract No. BIH_PRO_605). Open Access funding was provided by the Open Access Publishing Fund of the Philipps-University Marburg with support of the German Research Foundation (Deutsche Forschungsgemeinschaft, DFG).
ACKNOWLEDGMENTS
The authors thank A. Kopp, M. Kratz, D. Scheid, and P. Grimmelbein for their excellent technical assistance.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fbioe.2023.1221314/full#supplementary-material
REFERENCES
 Adel-Khattab, D., Giacomini, F., Peleska, B., Gildenhaar, R., Berger, G., Gomes, C., et al. (2018). Development of a synthetic tissue engineered three-dimensional printed bioceramic-based bone graft with homogenously distributed osteoblasts and mineralizing bone matrixin vitro: Development of a synthetic tissue engineered 3D printed bioceramic bone graft. J. Tissue Eng. Regen. Med. 12, 44–58. doi:10.1002/term.2362
 Aghaloo, T. L., and Moy, P. K. (2007). Which hard tissue augmentation techniques are the most successful in furnishing bony support for implant placement?Int. J. Oral Maxillofac. Implants 22, 49–70.
 Ahlhelm, M., Latorre, S. H., Mayr, H. O., Storch, C., Freytag, C., Werner, D., et al. (2021). Mechanically stable β-TCP structural hybrid scaffolds for potential bone replacement. J. Compos. Sci. 5, 281–287. doi:10.3390/jcs5100281
 Arkudas, A., Beier, J. P., Boccaccini, A. R., and Horch, R. E. (2015). Characterisation of vascularisation of scaffolds for tissue engineering. Mater. Sci. Technol. 31, 180–187. doi:10.1179/1743284714Y.0000000611
 Arkudas, A., Beier, J. P., Heidner, K., Tjiawi, J., Polykandriotis, E., Srour, S., et al. (2007). Axial prevascularization of porous matrices using an arteriovenous loop promotes survival and differentiation of transplanted autologous osteoblasts. Tissue Eng. 13, 1549–1560. doi:10.1089/ten.2006.0387
 Ayoub, A., RoshanGillgrassNaudi, C. P. T. K., and Ray, A. (2016). The clinical application of rhBMP-7 for the reconstruction of alveolar cleft. J Plastic, Reconstr. Aesthetic Surg. 69, 101–107. doi:10.1016/j.bjps.2015.09.004
 Bai, F., Wang, Z., Lu, J., Liu, J., Chen, G., Lv, R., et al. (2010). The correlation between the internal structure and vascularization of controllable porous bioceramic materials in vivo: A quantitative study. Tissue Eng. Part A 16, 3791–3803. doi:10.1089/ten.tea.2010.0148
 Bose, S., Tarafder, S., and Bandyopadhyay, A. (2017). Effect of Chemistry on Osteogenesis and angiogenesis towards bone tissue engineering using 3D printed scaffolds. Ann. Biomed. Eng. 45, 261–272. doi:10.1007/s10439-016-1646-y
 Cai, L., Wang, Q., Gu, C., Wu, J., Wang, J., Kang, N., et al. (2011). Vascular and micro-environmental influences on MSC-coralhydroxyapatite construct-based bone tissue engineering. Biomaterials 32, 8497–8505. doi:10.1016/j.biomaterials.2011.07.087
 Cancedda, R., Giannoni, P., and Mastrogiacomo, M. (2007). A tissue engineering approach to bone repair in large animal models and in clinical practice. Biomaterials 28, 4240–4250. doi:10.1016/j.biomaterials.2007.06.023
 Costa-Almeida, R., Granja, P. L., Soares, R., and Guerreiro, S. G. (2014). Cellular strategies to promote vascularisation in tissue engineering applications. Eur. Cell. Mat. 28, 51–67. doi:10.22203/ecm.v028a05
 Erol, O. O., and Spira, M. (1980). New capillary bed formation with a surgically constructed arteriovenous fistula. Plast. Reconstr. Surg. 66, 109–115. doi:10.1097/00006534-198007000-00021
 Eweida, A. M., Horch, R. E., Marei, M. K., Elhammady, H. A., Etaby, A. N., Nabawi, A. S., et al. (2015). Axially vascularised mandibular constructs: Is it time for a clinical trial?J. Craniomaxillofac. Surg. 43, 1028–1032. doi:10.1016/j.jcms.2014.10.018
 Eweida, A. M., Nabawi, A. S., Abouarab, M., Kayed, M., Elhammady, H., Etaby, A., et al. (2014). Enhancing mandibular bone regeneration and perfusion via axial vascularization of scaffolds. Clin. Oral Investig. 18, 1671–1678. doi:10.1007/s00784-013-1143-8
 Eweida, A. M., Nabawi, A. S., Elhammady, H. A., Marei, M. K., Khalil, M. R., Shawky, M. S., et al. (2012). Axially vascularized bone substitutes: A systematic review of literature and presentation of a novel model. Arch. Orthop. Trauma Surg. 132, 1353–1362. doi:10.1007/s00402-012-1550-3
 Fan, H., Zeng, X., Wang, X., Zhu, R., and Pei, G. (2014). Efficacy of prevascularization for segmental bone defect repair using β-tricalcium phosphate scaffold in rhesus monkey. Biomaterials 35, 7407–7415. doi:10.1016/j.biomaterials.2014.05.035
 Fuchs, S., Jiang, X., Schmidt, H., Dohle, E., Ghanaati, S., Orth, C., et al. (2009). Dynamic processes involved in the pre-vascularization of silk fibroin constructs for bone regeneration using outgrowth endothelial cells. Biomaterials 30, 1329–1338. doi:10.1016/j.biomaterials.2008.11.028
 Gildenhaar, R., Knabe, C., Gomes, C., Linow, U., Houshmand, A., and Berger, G. (2012). Calcium alkaline phosphate scaffolds for bone regeneration 3D-fabricated by additive manufacturing. Key Eng. Mat. 493, 849–854. doi:10.4028/www.scientific.net/kem.493-494.849
 Han, D., Guan, X., Wang, J., Wei, J., and Li, Q. (2014). Rabbit tibial periosteum and saphenous arteriovenous vascular bundle as an in vivo bioreactor to construct vascularized tissue-engineered bone: A feasibility study. Artif. Organs 38, 167–174. doi:10.1111/aor.12124
 Handel, M., Hammer, T. R., Nooeaid, P., Boccaccini, A. R., and Hoefer, D. (2013). 45S5-Bioglass(®)-based 3D-scaffolds seeded with human adipose tissue-derived stem cells induce in vivo vascularization in the CAM angiogenesis assay. Tissue Eng. Part A 19, 2703–2712. doi:10.1089/ten.tea.2012.0707
 Hildebrand, T., and Ruegsegger, P. (1997). A new method for model independent assessment of thickness in three-dimensinal images. J. Microsc. 185, 65–67.
 Horch, R. E., Beier, J. P., Kneser, U., and Arkudas, A. (2014). Successful human long-term application of in situ bone tissue engineering. J. Cell. Mol. Med. 18, 1478–1485. doi:10.1111/jcmm.12296
 Houben, R. H., Thaler, R., Friedrich, P. F., Shin, A. Y., van Wijnen, A. J., and Bishop, A. T. (2021). Autogenous arteriovenous bundle implantation maintains viability without increased immune response in large porcine bone allotransplants. Transpl. Proc. 53, 417–426. doi:10.1016/j.transproceed.2020.07.020
 Ishack, S., Mediero, A., Wilder, T., Ricci, J. L., and Cronstein, B. N. (2017). Bone regeneration in critical bone defects using three-dimensionally printed β-tricalcium phosphate/hydroxyapatite scaffolds is enhanced by coating scaffolds with either dipyridamole or BMP-2. J. Biomed. Mat. Res. B Appl. Biomater. 105, 366–375. doi:10.1002/jbm.b.33561
 Ismail, T., Haumer, A., Lunger, A., Osinga, R., Kaempfen, A., Saxer, F., et al. (2021). Case report: Reconstruction of a large maxillary defect with an engineered, vascularized, prefabricated bone graft. Front. Oncol. 11, 775136. doi:10.3389/fonc.2021.775136
 Kampschulte, M., Krombach, G. A., Richards, D. C., Sender, J., Lips, K. S., Thormann, U., et al. (2016). Neovascularization of osteoporotic metaphyseal bone defects: A morphometric micro-CT study. Microvasc. Res. 105, 7–14. doi:10.1016/j.mvr.2015.10.005
 Kirkpatrick, C. J., Fuchs, S., and Unger, R. E. (2011). Co-culture systems for vascularization-learning from nature. Adv. Drug. Deliv. Rev. 63, 291–299. doi:10.1016/j.addr.2011.01.009
 Knabe, C., Adel-Khattab, D., and Ducheyne, P. (2017d). “1.12 bioactivity: Mechanisms,” in Comprehensive biomaterials II ed . Editors P. Ducheyne, D. W. Grainger, K. E. Healy, D. W. Hutmacher, and C. J. Kirkpatrick (Oxford, UK: Elsevier), 291–310.
 Knabe, C., Adel-Khattab, D., Kluk, E., Struck, R., and Stiller, M. (2017b). Effect of a particulate and a putty-like tricalcium phosphate-based bone-grafting material on bone formation, volume stability and osteogenic marker expression after bilateral sinus floor augmentation in humans. J. Funct. Biomater. 8, 31. doi:10.3390/jfb8030031
 Knabe, C., Berger, G., Gildenhaar, R., Meyer, J., Howlett, C. R., Markovic, B., et al. (2004). Effect of rapidly resorbable calcium phosphates and a calcium phosphate bone cement on the expression of bone-related genes and proteinsin vitro. J. Biomed. Mat. Res. 69A, 145–154. doi:10.1002/jbm.a.20131
 Knabe, C., Ducheyne, P., Adel-Khattab, D., and Stiller, M. (2017a). “7.20 Dental graft materials,” in Comprehensive biomaterials II ed . Editors P. Ducheyne, D. W. Grainger, K. E. Healy, D. W. Hutmacher, and C. J. Kirkpatrick (Oxford, UK: Elsevier), 378–405.
 Knabe, C., and Ducheyne, P. (2008). “Chapter 6 - cellular response to bioactive ceramics,” in Handbook of bioceramics and their applications ed . Editor T. Kokubo (Cambridge, UK: Woodhead Publishing Inc.), 133–164.
 Knabe, C., Houshmand, A., Berger, G., Ducheyne, P., Gildenhaar, R., Kranz, I., et al. (2008b). Effect of rapidly resorbable bone substitute materials on the temporal expression of the osteoblastic phenotype in vitro. J. Biomed. Mat. Res. B 84, 856–868. doi:10.1002/jbm.a.31383
 Knabe, C., Knauf, T., Adel-Khattab, D., Peleska, B., Hübner, W. D., Peters, F., et al. (2017e). Effect of a rapidly resorbable calcium alkali phosphate bone grafting material on osteogenesis after sinus floor augmentation in humans. Key Eng. Mat. 758, 239–244. doi:10.4028/www.scientific.net/kem.758.239
 Knabe, C., Koch, Ch., Rack, A., and Stiller, M. M. (2008a). Effect of β-tricalcium phosphate particles with varying porosity on osteogenesis after sinus floor augmentation in humans. Biomaterials 29, 2249–2258. doi:10.1016/j.biomaterials.2008.01.026
 Knabe, C., Kraska, B., Koch, C., Gross, U., Zreiqat, H., and Stiller, M. (2006). A method for immunohistochemical detection of osteogenic markers in undecalcified bone sections. Biotech. Histochem. 81, 31–39. doi:10.1080/10520290600725474
 Knabe, C., Mele, A., Peleska, B., Kann, P. H., Adel-Khattab, D., Renz, H., et al. (2017c). Effect of sex-hormone levels, sex, body mass index and other host factors on human craniofacial bone regeneration with bioactive tricalcium phosphate grafts. Biomaterials 123, 48–62. doi:10.1016/j.biomaterials.2017.01.035
 Knabe, C., Stiller, M., Berger, G., Reif, D., Gildenhaar, R., Howlett, C. R., et al. (2005). The effect of bioactive glass ceramics on the expression of bone-related genes and proteins in vitro. Clin. Oral Impl. Res. 16, 119–127. doi:10.1111/j.1600-0501.2004.01066.x
 Kokemueller, H., Spalthoff, S., Nolff, M., Tavassol, F., Essig, H., Stuehmer, C., et al. (2010). Prefabrication of vascularized bioartificial bone grafts in vivo for segmental mandibular reconstruction: Experimental pilot study in sheep and first clinical application. Int. J. Oral Maxillofac. Surg. 39, 379–387. doi:10.1016/j.ijom.2010.01.010(
 Kreutzer, K., Steffen, C., Koerdt, S., Doll, C., Ebker, T., Nahles, S., et al. (2022). Patient-specific 3D-printed miniplates for free flap fixation at the mandible: A feasibility study. Front. Surg. 14 (9), 778371. doi:10.3389/fsurg.2022.778371
 Laschke, M. W., and Menger, M. D. (2016). Prevascularization in tissue engineering: Current concepts and future directions. Biotechnol. Adv. 34, 112–121. doi:10.1016/j.biotechadv.2015.12.004
 Le, A. X., Miclau, T., Hu, D., and Helms, J. A. (2001). Molecular aspects of healing in stabilized and non-stabilized fractures. J. Orthop. Res. 19, 78–84. doi:10.1016/s0736-0266(00)00006-1
 Lokmic, Z., and Mitchell, G. M. (2008b). Engineering the microcirculation. Tissue Eng. Part. B Rev. 14, 87–103. doi:10.1089/teb.2007.0299
 Lokmic, Z., and Mitchell, G. M. (2008a). The source and commencement of angiogenesis from the arterio-venous loop model. Microvasc. Res. 75, 142–143. doi:10.1016/j.mvr.2007.09.001
 Lokmic, Z., Stillaert, F., Morrison, W. A., Thompson, E. W., and Mitchell, G. M. (2007). An arteriovenous loop in a protected space generates a permanent, highly vascular, tissue-engineered construct. FASEB J. 21, 511–522. doi:10.1096/fj.06-6614com
 Lonie, S., Herle, P., Paddle, A., Pradhan, N., Birch, T., and Shayan, R. (2016). Mandibular reconstruction: meta-analysis of iliac-versus fibula-free flaps. ANZ J. Surg. 86, 337–342. doi:10.1111/ans.13274
 Mastrogiacomo, M., Scaglione, S., Martinetti, R., Dolcini, L., Beltrame, F., Cancedda, R., et al. (2006). Role of scaffold internal structure on in vivo bone formation in macroporous calcium phosphate bioceramics. Biomaterials 27, 3230–3237. doi:10.1016/j.biomaterials.2006.01.031
 Messina, A., Bortolotto, S. K., Cassell, O. C., Kelly, J., Abberton, K. M., and Morrison, W. A. (2005). Generation of a vascularized organoid using skeletal muscle as the inductive source. FASEB J. 19, 1570–1572. doi:10.1096/fj.04-3241fje
 Mian, R., Morrison, W. A., Hurley, J. V., Penington, A. J., Romeo, R., Tanaka, Y., et al. (2000). Formation of new tissue from an arteriovenous loop in the absence of added extracellular matrix. Tissue Eng. 6, 595–603. doi:10.1089/10763270050199541
 Morritt, A. N., Bortolotto, S. K., Dilley, R. J., Han, X., Kompa, A. R., McCombe, D., et al. (2007). Cardiac tissue engineering in an in vivo vascularized chamber. Circulation 115, 353–360. doi:10.1161/circulationaha.106.657379
 Newton, J. P., Hunter, A. P., Simmons, D. L., Buckley, C. D., and Harvey, D. J. (1999). CD31 (PECAM-1) exists as a dimer and is heavily N-glycosylated. Biochem. Biophys. Res. Commun. 261, 283–291. doi:10.1006/bbrc.1999.1018
 Oest, M. E., Dupont, K. M., Kong, H. J., Mooney, D. J., and Guldberg, R. E. (2007). Quantitative assessment of scaffold and growth factor-mediated repair of critically sized bone defects. J. Orthop. Res. 25, 941–950. doi:10.1002/jor.20372
 Pham, N. H., Voronov, R. S., Vangordon, S. B., Sikavitsas, V. I., and Papavassiliou, D. V. (2012). Predicting the stress distribution within scaffolds with ordered architecture. Biorheology 49, 235–247. doi:10.3233/bir-2012-0613
 Pjetursson, B. E., Tan, W. C., Zwahlen, M., and Lang, N. P. (2008). A systematic review of the success of sinus floor elevation and survival of implants inserted in combination with sinus floor elevation. J. Clin. Periodontol. 35, 216–240. doi:10.1111/j.1600-051X.2008.01272.x
 Polykandriotis, E., Euler, S., Arkudas, A., Pryymachuk, G., Beier, J. P., Greil, P., et al. (2009). Regression and persistence: Remodelling in a tissue engineered axial vascular assembly. Sembly. J. Cell. Mol. Med. 13, 4166–4175. doi:10.1111/j.1582-4934.2009.00828.x
 Pusztaszeri, M. P., Seelentag, W., and Bosman, F. T. (2006). Immunohistochemical expression of endothelial markers CD31, CD34, von Willebrand factor, and Fli-1 in normal human tissues. J. Histochem. Cytochem. 9, 385–395. doi:10.1369/jhc.4a6514.2005
 Rack, A., Stroebel, J., Rack, T., Dabin, Y., Knabe, C., Stiller, M., et al. (2020). TomoPress – In situ synchrotron-based microtomography under axial load. Instruments 4, 11–24. doi:10.3390/instruments4020011
 Rath, S. N., Arkudas, A., Lam, C. X., Olkowski, R., Polykandroitis, E., Chroscicka, A., et al. (2012). Development of a pre-vascularized 3D scaffold-hydrogel composite graft using an arterio-venous loop for tissue engineering applications. J. Biomater. Appl. 27, 277–289. doi:10.1177/0885328211402243
 Ren, L. L., Ma, D. Y., Feng, X., Mao, T. Q., Liu, Y. P., and Ding, Y. (2008). A novel strategy for prefabrication of large and axially vascularized tissue engineered bone by using an arteriovenous loop. Med. Hypotheses 71, 737–740. doi:10.1016/j.mehy.2008.06.032
 Ruf, P., Orassi, V., Fischer, H., Steffen, C., Duda, G. N., Heiland, M., et al. (2022). Towards mechanobiologically optimized mandible reconstruction: CAD/CAM miniplates vs. reconstruction plates for fibula free flap fixation: A finite element study. Front. Bioeng. Biotechnol. 17 (10), 1005022. doi:10.3389/fbioe.2022.1005022
 Sand, J. P., Kokorina, N. A., Zakharkin, S. O., Lewis, J. S., and Nussenbaum, B. (2014). BMP-2 expression correlates with local failure in head and neck squamous cell carcinoma. Otolaryngol. Head. Neck Surg. 150, 245–250. doi:10.1177/0194599813513003
 Schlingemann, R. O., Rietveld, F. J., Kwaspen, F., van de Kerkhof, P. C., de Waal, R. M., and Ruiter, D. J. (1991). Differential expression of markers for endothelial cells, pericytes, and basal lamina in the microvasculature of tumors and granulation tissue. Am. J. Pathol. 138, 1335–1347.
 Schneider, M., Gildenhaar, R., and Berger, G. (1994). Investigations of phase relations in the system CaO-Na2O-K2O-P2O5 (Part1), characterization of the compound Ca2NaK(PO4)2. Cryst. Res. Technol. 29, 671–675. doi:10.1002/crat.2170290516
 Shantsila, E., Watson, T., Tse, H. F., and Lip, G. Y. (2008). New insights on endothelial progenitor cell subpopulations and their angiogenic Properties**Editorials published in the journal of the American college of cardiology reflect the views of the authors and do not necessarily represent the views of JACC or the American college of cardiology. J. Am. Coll. Cardiol. 51, 669–671. doi:10.1016/j.jacc.2007.09.057
 Shirazi, S. F., Gharehkhani, S., Mehrali, M., Yarmand, H., Metselaar, H. S., Adib Kadri, N., et al. (2015). A review on powder-based additive manufacturing for tissue engineering: Selective laser sintering and inkjet 3D printing. Sci. Technol. Adv. Mat. 16, 033502. doi:10.1088/1468-6996/16/3/033502
 Simon, A. M., and McWhorter, A. R. (2002). Vascular abnormalities in mice lacking the endothelial gap junction proteins connexin37 and connexin40. Dev. Biol. 251, 206–220. doi:10.1006/dbio.2002.0826
 Tadjoedin, E. S., de Lange, G. L., Lyaruu, D. M., Kuiper, L., and Burger, E. H. (2002). High concentrations of bioactive glass material (BioGran®) vs. autogenous bone for sinus floor elevation: Histomorphometrical observations on three split mouth clinical cases. Clin. Oral. Implants Res. 13, 428–436. doi:10.1034/j.1600-0501.2002.130412.x
 Tanaka, Y., Sung, K. C., Tsutsumi, A., Ohba, S., Ueda, K., and Morrison, W. A. (2003). Tissue engineering skin flaps: Which vascular carrier, arteriovenous shunt loop or arteriovenous bundle, has more potential for angiogenesis and tissue generation?Plast. Reconstr. Surg. 112, 1636–1644. doi:10.1097/01.prs.0000086140.49022.ab
 Tarafder, S., Balla, V. K., Davies, N. M., Bandyopadhyay, A., and Bose, S. (2013). Microwave-sintered 3D printed tricalcium phosphate scaffolds for bone tissue engineering. J. Tissue Eng. Regen. Med. 7, 631–641. doi:10.1002/term.555
 Thein-Han, W., and Xu, H. H. (2013). Prevascularization of a gas-foaming macroporous calcium phosphate cement scaffold via coculture of human umbilical vein endothelial cells and osteoblasts. Tissue Eng. Part. A 19, 1675–1685. doi:10.1089/ten.TEA.2012.0631
 Tian, X., Muhler, T., Gomes, C. M., Günster, J., and Heinrich, J. (2013). Feasibility study on rapid prototyping of porcelain products. J. Ceram. Sci. Technol. 2, 217–226. 
 Travitzky, N., Bonet, A., Dermeik, B., Fey, T., Filbert-Demut, I., Schlier, L., et al. (2014). Additive manufacturing of ceramic based materials. Adv. Eng. Mat. 16, 729–754. doi:10.1002/adem.201400097
 Unger, R. E., Sartoris, A., Peters, K., Motta, A., Migliaresi, C., Kunkel, M., et al. (2007). Tissue-like self-assembly in cocultures of endothelial cells and osteoblasts and the formation of microcapillary-like structures on three-dimensional porous biomaterials. Biomaterials 28, 3965–3976. doi:10.1016/j.biomaterials.2007.05.032
 Voronov, R., Vangordon, S., Sikavitsas, V. I., and Papavassiliou, D. V. (2010). Computational modeling of flow-induced shear stresses within 3D salt-leached porous scaffolds imaged via micro-CT. J. Biomech. 43, 1279–1286. doi:10.1016/j.jbiomech.2010.01.007
 Warnke, P. H., Springer, I. N., Wiltfang, J., Acil, Y., Eufinger, H., Wehmöller, M., et al. (2004). Growth and transplantation of a custom vascularised bone graft in a man. Lancet 364, 766–770. doi:10.1016/s0140-6736(04)16935-3
 Yang, P., Huang, X., Shen, J., Wang, C., Dang, X., Mankin, H., et al. (2013). Development of a new pre-vascularized tissue-engineered construct using pre-differentiated rADSCs, arteriovenous vascular bundle and porous nano-hydroxyapatide-polyamide 66 scaffold. BMC Musculoskelet. Disord. 14, 318. doi:10.1186/1471-2474-14-318
 Yao, J., Radin, S., Leboy, P., and Ducheyne, P. (2005). The effect of bioactive glass content on synthesis and bioactivity of composite poly (lactic-co-glycolic acid)/bioactive glass substrate for tissue engineering. Biomaterials 26, 1935–1943. doi:10.1016/j.biomaterials.2004.06.027
 Yu, H., VandeVord, P. J., Mao, L., Matthew, H. W., Wooley, P. H., and Yang, S. Y. (2009). Improved tissue-engineered bone regeneration by endothelial cell mediated vascularization. Biomaterials 30, 508–517. doi:10.1016/j.biomaterials.2008.09.047
 Zanchetta, E., Cattaldo, M., Franchin, G., Schwentenwein, M., Homa, J., Brusatin, G., et al. (2016). Stereolithography of SiOC ceramic microcomponents. Adv. Mat. 28, 370–376. doi:10.1002/adma.201503470
 Zerbo, I. R., Bronckers, A. L., de Lange, G., and Burger, E. H. (2005). Localisation of osteogenic and osteoclastic cells in porous beta-tricalcium phosphate particles used for human maxillary sinus floor elevation. Biomaterials 26, 1445–1451. doi:10.1016/j.biomaterials.2004.05.003
 Zerbo, I. R., Bronckers, A. L., de Lange, G., van Beek, G. J., and Burger, E. H. (2001). Histology of human alveolar bone regeneration with a porous tricalcium phosphate. A report of two cases. Clin. Oral Impl. Res. 12, 379–384. doi:10.1034/j.1600-0501.2001.012004379.x
 Zerbo, I. R., Zijderveld, S. A., de Boer, A., Bronckers, A. L., de Lange, G., ten Bruggenkate, C. M., et al. (2004). Histomorphometry of human sinus floor augmentation using a porous beta-tricalcium phosphate: A prospective study. Clin. Oral Impl. Res. 15, 724–732. doi:10.1111/j.1600-0501.2004.01055.x
 Zhou, Z., Pausch, F., Schlötzer-Schrehardt, U., Brachvogel, B., and Pöschl, E. (2016). Induction of initial steps of angiogenic differentiation and maturation of endothelial cells by pericytes in vitro and the role of collagen IV. Cell. Biol. 145, 511–525. doi:10.1007/s00418-015-1398-z
 Zijderveld, S. A., Schulten, E. A., Aartman, I. H., and ten Bruggenkate, C. M. (2009). Long-term changes in graft height after maxillary sinus floor elevation with different grafting materials: Radiographic evaluation with a minimum follow-up of 4.5 years. Clin. Oral Impl. Res. 20, 691–700. doi:10.1111/j.1600-0501.2009.01697.x
 Zijderveld, S. A., Zerbo, I. R., van den Bergh, J. P., Schulten, E. A., and ten Bruggenkate, C. M. (2005). Maxillary sinus floor augmentation using a beta-tricalcium phosphate (Cerasorb) alone compared to autogenous bone grafts. Int. J. Oral Maxillofac. Implants. 20, 432–440.
 Zocca, A., Colombo, P., Gomes, C. M., and Günster, J. (2015). Additive manufacturing of Ceramics: Issues, potentialities, and opportunities. J. Am. Ceram. Soc. 98, 1983–2001. doi:10.1111/jace.13700
 Zocca, P. L., Günster, J., and Gomes, C. M. (2017). LSD-based 3D printing of alumina ceramics. J. Ceram. Sci. Tech. 08, 141–148. doi:10.4416/JCST2016-00103
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Knabe, Stiller, Kampschulte, Wilbig, Peleska, Günster, Gildenhaar, Berger, Rack, Linow, Heiland, Rendenbach, Koerdt, Steffen, Houshmand, Xiang-Tischhauser and Adel-Khattab. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-11-1221314-t004.jpg
Osteoblasts Osteocytes  Fibroblastic cells of the Fibous Bone Mineralizing

osteogenic mesenchyme matrix matrix matrix

RP, cells & AVB | 4.50 070 3.30 300 450 320

SSM, cells & AVB | 3.50 150 3.00 300 350 3.50
oc

RP control 3.60 150 1.00 1.00 3.60 1.30

SSM control 350 1.00 2.00 200 250 3.00

RP, cells & AVB | 4.00 090 3.00 300 360 3.60

SSM, cells & AVB | 3.50 130 3.00 3.00 360 3.50
BSP T

RP control 3.60 1.00 1.00 1.00 350 130

SSM control 350 0.00 3.00 300 200 3.00

RP, cells & AVB | 2.00 0.25 3.00 100 3.00 3.00

SSM, cells & AVB | 2.00 1.00 2.00 200 300 2.00
ALP -

RP control 250 1.00 1.50 3.00 200 3.00

SSM control 200 1.00 3.00 1.00 002 3.00

RP, cells & AVB | 4.00 3.00 3.00 3.00 4.00 3.00

SSM, cells & AVB | 3.00 150 3.00 200 300 3.00

Col 1
RP control 200 1.00 1.00 1.00 200 3.00
SSM control 1.00 1.00 050 050 150 150

An average score of 3.50-5.00 was evaluated as strong staining in the given scaffold group, whereas an average score of 2.30-3.49, 1.00-2.29, and 0.10-0.99 was assessed as moderate, mild and
minimal staining, respectively. Col I, type I collagen; ALP, alkaline phosphatase; OC, osteocakcin; BSP, bone sialoprotein.





OPS/xhtml/nav.xhtml
Contents

		Cover

		A tissue engineered 3D printed calcium alkali phosphate bioceramic bone graft enables vascularization and regeneration of critical-size discontinuity bony defects in vivo		Introduction

		Materials and methods		Preparation of bioceramic scaffolds

		Presurgical colonization of scaffolds with osteogenic stem cells under dynamic cell culture conditions

		In vivo rat study

		Statistical analysis





		Results		Angio µ-CT analysis

		Immunohistochemical analysis of angiogenic marker expression and vascular density level scoring

		Results of the histomorphometric analysis

		Immunohistochemical analysis of osteogenic marker expression





		Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/fbioe-11-1221314-t003.jpg
Osteoblasts  Osteocytes  Fibroblastic cells of the Fibous Bone Mineralizing

osteogenic mesenchyme matrix matrix matrix
RP, cells & AVB | 3.50 100 210 210 280 2.80
SSM, cells & AVB | 1.70 0.00 1.00 1.00 150 175
oc
RP control 1.60 0.00 200 100 200 2.00
SSM control 260 0.00 1.60 150 200 225
RP, cells & AVB | 3.20 1.00 240 240 320 320
SSM, cells & AVB | 1.70 0.00 1.00 1.00 150 3.00
BSP
RP control 1.60 0.00 1.60 100 2,00 2,00
SSM control 270 0.00 2.00 200 200 175
RP, cells & AVB 325 100 2.00 250 225 3.50
SSM, cells & AVB | 2.75 025 3.00 3.00 175 250
ALP
RP control 1.60 0.00 150 150 1.00 230
SSM control 050 0.00 150 150 050 050
RP, cells & AVB | 3.30 1.00 230 230 3.00 3.60
SSM, cells & AVB | 3.30 060 230 230 230 3.60
Col 1
RP control 1.60 0.60 150 160 1.00 175
SSM control 125 0.00 1.60 1.60 1.00 1.60

An average score of 3.50-5.00 was evaluated as strong staining in the given scaffold group, whereas an average score of 2.30-3.49, 1.00-2.29, and 0.10-0.99 was assessed as moderate, mild and
minimal staining, respectively. Col I, type I collagen; ALP, alkaline phosphatase; OC, osteocakcin; BSP, bone sialoprotein.





OPS/images/math_qu2.gif
Vascular surface/vascular volume = (1/mm)





OPS/images/math_qu1.gif
Vascular volume fraction VVE =





OPS/images/fbioe-11-1221314-t002.jpg
Marker Period RP, cells & AVB RP control
Im 200 1.00 100 1.00
Collagen IV 3m 250 150 150 133
6m 275 | 200 200 200
Im 200 100 100 060
CD31 3m 225 175 100 080
6m 275 200 200 100
7 Im | 200 160 160 150
YWE 3m 260 | 175 050 [ 040
6m 260 250 150 130

An average score of 2.50-3.60 was evaluated as high density of positively stained blood vessels in the given scaffold group, whereas an average score of 1.60-2.49, 1.00-1.59, and 0.10-0.90 was
sistmaad us randeate: AliphE sl disal Woal verel ity Teetictmdly: vWE Vo Willdheand fudoe:





OPS/images/fbioe-11-1221314-t001.jpg
Parameter

blood vessel
volume % [%]

Blood vessel
surface/volume
[1/mm]

Blood vessel
thickness [um]

Blood vessel
density [1/mm]

Blood vessel
linear density
[1/mm]

RP, cells & RP, cells &
AVB 3m

SSM, cells

AVB 6m  &AVB3m

220 + 049 279 093 222+124

10640 +4.45 | 21198+ 1280 = 9260 + 24.80

57.00+480 | 88.00£1.00 | 5400 +2.10

235+ 062 303 £ 067 1.90 +0.60

048 £ 0.16 073 £022 0.35£0.07

SSM, cells RP
&AVB6m  control
Elul

125£096 | 217 +142

10760 £ 6.44 = 63.6:+ 034

57.00 £3.00 | 44.00 2,00

L31£095 138090

027£019 | 024015

(Eistiatel sboatcnint diliraces batwinn: 8 sad & ool T & Bven e ipooe i kokd Gtk e vrnt.

RP

control
6m

112+ 034

92.80 + 0.85

54.00 + 6.00

1.04 £ 030

0.19 £ 006

SSM
control

102.90 + 2040

39.00 £ 1.60

092 £ 0.01

0.18 + 002

SSM
control
6m

078 + 0018

101.50 + 8.30

52.00 £ 05.00

079 +0.04

0.14 £ 001

Intact
femur

0.69 £ 0.43

69.70 £ 1840

76.00 £ 9.00

053 + 0.4

0.09 £ 0.06










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





OPS/images/fbioe-11-1221314-g005.gif
c " pvirmsaton oty






OPS/images/fbioe-11-1221314-g006.gif





OPS/images/fbioe-11-1221314-g003.gif





OPS/images/fbioe-11-1221314-g004.gif





OPS/images/fbioe-11-1221314-g009.gif





OPS/images/fbioe-11-1221314-g007.gif





OPS/images/fbioe-11-1221314-g008.gif





OPS/images/cover.jpg
, frontiers ‘ Frontiers in Bioengineering and Biotechnology

A tissue engineered 3D printed
calcium alkali phosphate
bioceramic bone graft enables
vascularization and
regeneration of critical-size
discontinuity bony defects in
Vivo





OPS/images/fbioe-11-1221314-g001.gif





OPS/images/fbioe-11-1221314-g002.gif





