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Bone is a highly vascularized tissue, and its development, maturation, remodeling, and regeneration are dependent on a

tight regulation of blood vessel supply. This condition also has to be taken into consideration in the context of the

development of artificial tissue substitutes. In classic tissue engineering, bone-forming cells such as primary osteoblasts

or mesenchymal stem cells are introduced into suitable scaffolds and implanted in order to treat critical-size bone defects.
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1. Introduction

Bone can be divided into an external layer, named cortical bone, and an internal layer, referred to as cancellous bone.

Cortical bone shows extreme mechanical stiffness with relatively low porosity . In contrast, cancellous bone shows

very high porosity and only about 10 percent of the mechanical stiffness of cortical bone. Within the cortical bone, osteons

form functional units that have the so-called haversian canals in the center, which contain nerves and blood vessels .

These osteons with the associated haversian canals are not found in cancellous bone and are also not necessary for the

blood vessel supply due to the high porosity of this bone compartment.

The vascular endothelial growth factor (VEGF) plays a decisive role in the initiation of vascularization. It is formed by

hypertrophic chondrocytes and mesenchymal stem cells and, as a potent angiogenic growth factor, induces the sprouting

of preexisting surrounding blood vessels into the bone tissue . It can therefore be assumed that VEGF is the decisive

factor for the coupling of angiogenesis and osteogenesis. In mouse experiments, it could be shown that the inhibition of

the VEGF function has a negative effect on bone angiogenesis and, thus, a negative effect on bone formation .

When a bone is fractured and blood vessels are damaged, hematoma forms and inflammatory cells migrate into the

fracture site. The ingrowth of new blood vessels is essential for the formation of a soft callus consisting of fibroblasts and

chondrocytes. The soft callus is, by way of enchondral ossification, converted into a rigid, calcified hard callus. Further

mineralization and remodeling processes within the callus eventually lead to the repair of the damaged bone . Here, too,

it could be shown that VEGF plays an important role. For example, in a rabbit model, the application of recombinant

VEGF to the fracture area led to an improvement in neovascularization and bone healing . In contrast, the inhibition of

VEGF in a mouse model resulted in decreased angiogenesis, decreased callus mineralization, and an inhibition of bone

healing .

Due to the great importance of vascularization in both bone formation and in bone healing, it is clear that this aspect must

also be taken into account in the tissue engineering of bone tissue (BTE). In the clinical context, bone defects can be

treated with autologous or allogeneic bone grafts, with autologous bone replacement being the gold standard. Critical-size

bone defects can be caused by trauma, tumor, osteomyelitis, avascular bone loss, and non-union fracture, and are thus

very common. Bone transplantation is performed in an estimated 2.2 million procedures yearly worldwide . Smaller

defects are bridged by non-vascularized bone grafts (e.g., iliac crest), while larger defects require pedicled or free tissue

transfer . However, the use of autologous bones is restricted due to the limited availability and due to the fact that an

additional bone defect is created. In the case of allogeneic bone transplantation, additional limitations include possible

rejection by the host and the possibility of disease transmission .

2. Induction of Vascularization by Angiogenic Growth Factors

Angiogenesis represents a mechanism by which new blood vessels are formed from a preexisting vascular network. In

contrast, vasculogenesis means that new blood vessels are formed de novo by endothelial progenitor cells. During

embryogenesis, these cells differentiate to mature endothelial cells and form a primitive vascular plexus that further

matures into a hierarchical network with vessels of different calibers . Under physiological as well as under

pathophysiological conditions such as the growth of solid tumors, angiogenesis is initiated by the expression and
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secretion of pro-angiogenic diffusible soluble growth factors (GFs). Numerous pro-angiogenic growth factors have been

identified in recent decades . Prominent representatives are members of the vascular endothelial growth factor (VEGF)

family , fibroblast growth factor (FGF) , angiopoietins (Ang) , transforming growth factor (TGF) , platelet-

derived growth factor (PDGF) , and some interleukins . Under normal conditions, the vasculature in the adult

human body is relatively quiescent. However, during wound repair as well as in the context of solid tumor growth,

angiogenesis in the respective tissues is dramatically stimulated. Angiogenic growth factors are expressed and secreted

by a great variety of different cell types in response to different stimuli. Expression of VEGF, for example, can be induced

by other GFs , activated oncogenes , and tissue hypoxia . After secretion of the angiogenic GFs, they bind to

their respective receptors on the cell surface of endothelial cells in neighboring blood vessels and induce several

characteristic angiogenic cell responses. In order to trigger angiogenesis from neighboring vessels, the extracellular

matrix and basement membrane of the blood vessel have to be degraded. This is achieved by inducing the expression of

matrix metalloproteinases in endothelial cells. In addition, angiogenic GFs also induce the migration, invasion, and

proliferation of endothelial cells, finally leading to the formation of a new lumen-containing blood vessel capillary, which

matures by recruitment of vessel stabilizing mural cells such as pericytes or smooth muscle cells .

In order to induce in vivo neovascularization in tissue engineering applications, angiogenic GFs were mixed in hydrogels

or coated on solid scaffolds that served as drug-release systems upon implantation. For example, Minardi and colleagues

used multiscale microspheres, composed by a nanostructured silicon multistage vector (MSV) core and a poly(dl-lactide-

co-glycolide) acid (PLGA) shell for controlled release of the angiogenic factor PDGF-BB . The release kinetics of

PDGF-BB was sustained over two weeks and a robust neovascularization was induced upon subcutaneous implantation

in mice. Similarly, a VEGF release system was established by Chen and colleagues . In this system, heparin cross-

linked demineralized bone matrices were loaded with VEGF. This scaffold also showed sustained release of the

angiogenic GF and induced angiogenesis in a subcutaneous implantation model. Angiogenic GFs were also used to

induce vascularization in critical-sized bone defects. For example, Quinlan and colleagues incorporated VEGF in alginate

microparticles . These particles were then incorporated in collagen-hydroxyapatite scaffolds and implanted in a rat

calvarial defect model. In these experiments, VEGF showed a sustained release rate and improved vascularization as

well as bone formation in bone defects. The importance of VEGF in bone tissue engineering and bone regeneration and

its central role in the coupling of angiogenesis and osteogenesis is highlighted by several recent review articles .

A great variety of natural , semi-synthetic , and synthetic  hydrogels have been used during the

past decade for the release of a great variety of different GFs in order to improve neovascularization in BTE. From these

studies, it became clear that an effective angiogenic therapy is strictly dependent not only on the right GF or the right

combination of different GFs, but also on a temporal and dose controlled release of the angiogenic GFs. In the case of

VEGF, for example, it was shown that a high initial burst of release, leading to an unphysiologically high concentration of

VEGF in the implanted construct and the surrounding tissue, is associated with the appearance of functionally impaired

blood vessels. In this case, the high concentration of VEGF leads to the formation of immature leaky blood vessels,

whereas lower doses of VEGF induced the formation of mature functional blood vessels within the implanted construct

.

As further development of the vascularization strategy on the basis of single recombinant angiogenic GFs, release

systems were developed in which two or more GFs are released. For example, two angiogenic GFs, VEGF, and PDGF-

BB were used with the aim to induce the formation of blood vessels with increased inherent stability and maturity .

Angiogenic GFs have also often been combined with osteogenic factors in order to enhance bone tissue formation in BTE

applications. For example, Suárez-González and colleagues have loaded porous beta tricalcium phosphate (β-TCP)

scaffolds with VEGF and a biologically active peptide derived from human bone morphogenetic protein (BMP)-2 . They

were able to show a controlled sequential delivery of both factors over a time course of 60 days. Moreover, by using a

sheep intramuscular implantation model, in vivo biological activity of both factors was demonstrated. Similarly, Kuttappan

and colleagues combined BMP-2 with VEGF or bFGF and were able to show increased vascularization and bone

formation in a rat critical sized calvarial defect model .

3. Induction of Vascularization by Biofabrication of Vessel Networks

The classical BTE concept is based on scaffolds that are randomly seeded with bone-forming cells and cells that provide

the vasculature upon implantation, as already discussed in the previous sections. However, the prevascularization

strategy that is based on the targeted fabrication of blood vessels employs the technique of 3D-bioprinting.

3D-bioprinting represents an additive manufacturing process for the production of artificial tissues that combines

biomaterials, cells, and growth factors that are deposited in a layer-by-layer manner . This technique allows precise

control of the spatial distribution of cells within the bioprinted construct and opens the way to printing multiple cell types in
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a biomimetic manner to produce an artificial tissue that corresponds more closely to the native target tissue than would

have been possible with classical tissue engineering.

The technology of bioprinting has already been used to print of blood vessels in 3D-tissue constructs and can be

considered to represent a new kind of prevascularization strategy. There are two major routes of vascularization reported

in the literature: the bioprinting of vessel-forming cells (endothelial cells) and the printing of sacrificial structures that can

be removed, leaving behind a microchannel that can be populated by endothelial cells. 

Endothelial cells are bioprinted in high density in suitable bioinks such as fibrin or collagen in the form of lines or branched

structures in the form of native blood vessels. Upon in vitro culture of these bioprinted constructs, self-organization of

endothelial cells and lumen formation can be detected. These endothelial structures resemble early blood vessel

capillaries in such a way that lumina are confined by a single layer of endothelial cells.

4. Surgical Strategies for Vascularization

A major issue with all the above strategies is the time needed until the replaced tissue is vascularized by the host. Tissues

are oxygenized by diffusion over a distance of 200 µm, meaning that cells in the middle of the construct will invariably

undergo hypoxic cell death . In order to create stable constructs that reliably integrate in the host tissue, it is

paramount to deliver nutrients to these cells by neovascularization. Neovasculariation can take the form of angiogenesis,

which describes a process in which host vessels proliferate and penetrate the construct, or vasculogenesis, which implies

that vessels are developed in the implant. In order to avert hypoxic cell death, which occurs during the first days after

implantation , surgical strategies have been devised in order to vascularize the implant immediately after implantation.

The “in vivo bioreactor” principle unites traditional reconstructive surgery techniques and tissue engineering by relying on

the host body as a bioreactor . Imaging data are used to calculate the form and size of the defect. Chambers are then

created, which correspond to the defect, filled with the preferred construct (cells, scaffold, growth factors), and implanted

at a defect-remote site in the body. After a period of prelamination, the flap containing the construct is transferred into the

defect and the vascular pedicle of the flap containing the construct is microsurgically anastomosed to recipient vessels. In

this way, immediate and complete perfusion of the construct is achieved . This technique is well-established

experimentally in large animals (pig and sheep) and has been successfully performed in humans. In 2004, a subtotal

replacement mandible consisting of a titanium mesh cage filled with bone mineral blocks coated in bone morphogenic

protein 7 and bone marrow aspirate containing undifferentiated precursors was grown inside the latissimus dorsi muscle

of a patient with previous subtotal mandibulectomy due to neoplasm. The muscle-construct unit was microsurgically

transferred to the recipient site after seven weeks, and it showed good integration and a favorable aesthetic and functional

outcome . This approach avoids raising bone donor tissue, but it necessitates raising a muscle flap, which also

represents considerable donor site morbidity. Another drawback is the technical complexity, need for two major surgeries,

and a treatment period of several months.

Alternatively, and in order to avoid the harvest of a flap, an arteriovenous (AV) loop can be created. This approach

involves anastomosing an artery with a vein, and transferring this “neopedicle” to the construct chamber, where it has to

undergo microvascular sprouting in order to infiltrate the construct . This approach was extensively verified

experimentally  in large animal models  and clinically . This technique also requires considerable time for the

engineered tissue to vascularize by sprouting, necessitating hospitalization of several months , and thus limiting its

clinical use.

To accelerate vascularization in the AV-loop chamber, growth factors  and stem cells  have been incorporated in the

construct with promising results. These data suggest that combining other vascularization strategies in an AV-loop concept

is a promising avenue of further research.

References

1. Bala, Y.; Zebaze, R.; Seeman, E. Role of cortical bone in bone fragility. Curr. Opin. Rheumatol. 2015, 27, 406–413.

2. Morgan, E.F.; Unnikrisnan, G.U.; Hussein, A.I. Bone Mechanical Properties in Healthy and Diseased States. Annu. Rev.
Biomed. Eng. 2018, 20, 119–143.

3. Ascenzi, M.G.; Roe, A.K. The osteon: The micromechanical unit of compact bone. Front Biosci. 2012, 17, 1551–1581.

4. Chang, B.; Liu, X. Osteon: Structure, Turnover, and Regeneration. Tissue Eng. Part B Rev. 2021.

[53][54][55]

[56]

[57]

[53][58]

[59]

[60]

[61][62] [63] [64]

[65]

[66] [67]



5. Hu, K.; Olsen, B.R. Osteoblast-derived VEGF regulates osteoblast differentiation and bone formation during bone repai
r. J. Clin. Investig. 2016, 126, 509–526.

6. Gerber, H.P.; Vu, T.H.; Ryan, A.M.; Kowalski, J.; Werb, Z.; Ferrara, N. VEGF couples hypertrophic cartilage remodeling,
ossifi-cation and angiogenesis during endochondral bone formation. Nat. Med. 1999, 5, 623–628.

7. Stegen, S.; van Gastel, N.; Carmeliet, G. Bringing new life to damaged bone: The importance of angiogenesis in bone r
epair and regeneration. Bone 2015, 70, 19–27.

8. Kleinheinz, J.; Stratmann, U.; Joos, U.; Wiesmann, H.-P. VEGF-Activated Angiogenesis During Bone Regeneration. J.
Oral Maxillofac. Surg. 2005, 63, 1310–1316.

9. Street, J.; Bao, M.; DeGuzman, L.; Bunting, S.; Peale, F.V., Jr.; Ferrara, N.; Steinmetz, H.; Hoeffel, J.; Cleland, J.L.; Da
ugherty, A.; et al. Vascular endothelial growth factor stimulates bone repair by promoting angiogenesis and bone turnov
er. Proc. Natl. Acad. Sci. USA 2002, 99, 9656–9661.

10. Dimitriou, R.; Tsiridis, E.; Carr, I.; Simpson, H.; Giannoudis, P.V. The role of inhibitory molecules in fracture healing. Inju
ry 2006, 37, S20–S29.

11. Russe, O. [Experience and results in filling up of the substantia spongiosa in old fractures and pseudarthrosis of the sc
aphoid bone of the hand]. Wiederherstellungschirurgie und Traumatol. Reconstr. Surg. Traumatol. 1954, 2, 175–184.

12. Taylor, G.I.; Miller, G.D.; Ham, F.J. The free vascularized bone graft. A clinical extension of microvascular techniques. Pl
ast Reconstr. Surg. 1975, 55, 533–544.

13. Wang, W.; Yeung, K.W. Bone grafts and biomaterials substitutes for bone defect repair: A review. Bioact. Mater. 2017,
2, 224–247.

14. Kurien, T.; Pearson, R.G.; Scammell, B.E. Bone graft substitutes currently available in orthopaedic practice: The eviden
ce for their use. Bone Joint J. 2013, 95, 583–597.

15. Risau, W.; Flamme, I. Vasculogenesis. Ann. Rev. Cell Dev. Biol. 1995, 11, 73–91.

16. Folkman, J. Angiogenesis in cancer, vascular, rheumatoid and other disease. Nat. Med. 1995, 1, 27–31.

17. Ferrara, N.; Henzel, W.J. Pituitary follicular cells secrete a novel heparin-binding growth factor specific for vascular end
othe-lial cells. Biochem. Biophys. Res. Commun. 1989, 161, 851–858.

18. Maciag, T.; Mehlman, T.; Friesel, R.; Schreiber, A.B. Heparin binds endothelial cell growth factor, the principal endotheli
al cell mitogen in bovine brain. Science 1984, 225, 932–935.

19. Shing, Y.; Folkman, J.; Sullivan, R.; Butterfield, C.; Murray, J.; Klagsbrun, M.; Shing, Y.; Folkman, J.; Sullivan, R.; Butter
field, C.; et al. Heparin affinity: Purification of a tumor-derived capillary endothelial cell growth factor. Science 1984, 22
3, 1296–1299.

20. Suri, C.; Jones, P.F.; Patan, S.; Bartunkova, S.; Maisonpierre, P.C.; Davis, S.; Sato, T.N.; Yancopoulos, G.D. Requisite r
ole of angi-opoietin-1, a ligand for the TIE2 receptor, during embryonic angiogenesis. Cell 1996, 87, 1171–1180.

21. Schreiber, A.B.; Winkler, M.E.; Derynck, R. Transforming growth factor-alpha: A more potent angiogenic mediator than
epi-dermal growth factor. Science 1986, 232, 1250–1253.

22. Madri, J.A.; Pratt, B.M.; Tucker, A.M. Phenotypic modulation of endothelial cells by transforming growth factor-beta dep
ends upon the composition and organization of the extracellular matrix. J. Cell Biol. 1988, 106, 1375–1384.

23. Smits, A.; Hermansson, M.; Nister, M.; Karnushina, I.; Heldin, C.-H.; Westermark, B.; Funa, K. Rat Brain Capillary Endo
thelial Cells Express Functional PDGF B-Type Receptors. Growth Factors 1989, 2, 1–8.

24. Ambrus, J.L.; Ambrus, C.M.; Toumbis, C.; Forgach, P.; Karakousis, C.P.; Niswander, P.; Lane, W.; Ambrus, J.L.; Ambru
s, C.M.; Toumbis, C.; et al. Studies on tumor induced angiogenesis. J. Med. 1991, 22, 355–369.

25. Mahadevan, V.; Hart, I.R.; Lewis, G.P. Factors influencing blood supply in wound granuloma quantitated by a new in viv
o technique. Cancer Res. 1989, 49, 415–419.

26. Motro, B.; Itin, A.; Sachs, L.; Keshet, E. Pattern of interleukin 6 gene expression in vivo suggests a role for this cytokine
in angi-ogenesis. Proc. Natl. Acad. Sci. USA 1990, 87, 3092–3096.

27. Finkenzeller, G.; Sparacio, A.; Technau, A.; Marme, D.; Siemeister, G. Sp1 recognition sites in the proximal promoter of
the hu-man vascular endothelial growth factor gene are essential for platelet-derived growth factor-induced gene expre
ssion. Oncogene 1997, 15, 669–676.

28. Finkenzeller, G.; Weindel, K.; Zimmermann, W.; Westin, G.; Marme, D. Activated Neu/ErbB-2 induces expression of the
vascu-lar endothelial growth factor gene by functional activation of the transcription factor Sp 1. Angiogenesis 2004, 7,
59–68.



29. Grugel, S.; Finkenzeller, G.; Weindel, K.; Barleon, B.; Marmé, D. Both v-Ha-Ras and v-Raf Stimulate Expression of the
Vascular Endothelial Growth Factor in NIH 3T3 Cells. J. Biol. Chem. 1995, 270, 25915–25919.

30. Shweiki, D.; Itin, A.; Soffer, D.; Keshet, E. Vascular endothelial growth factor induced by hypoxia may mediate hypox-ia-
initiated angiogenesis. Nature 1992, 359, 843–845.

31. Claesson-Welsh, L.; Welsh, M. VEGFA and tumour angiogenesis. J. Intern. Med. 2013, 273, 114–127.

32. Minardi, S.; Pandolfi, L.; Taraballi, F.; Wang, X.; De Rosa, E.; Mills, Z.D.; Liu, X.; Ferrari, M.; Tasciotti, E. Enhancing Vas
culariza-tion through the Controlled Release of Platelet-Derived Growth Factor-BB. ACS Appl Mater Interfaces 2017, 9,
14566–14575.

33. Chen, L.; He, Z.; Chen, B.; Yang, M.; Zhao, Y.; Sun, W.; Xiao, Z.; Zhang, J.; Dai, J. Loading of VEGF to the heparin cro
ss-linked demineralized bone matrix improves vascularization of the scaffold. J. Mater. Sci. Mater. Electron. 2010, 21, 3
09–317.

34. Quinlan, E.; López-Noriega, A.; Thompson, E.M.; Hibbitts, A.; Cryan, S.A.; O’Brien, F.J. Controlled release of vascular e
ndothe-lial growth factor from spray-dried alginate microparticles in collagen-hydroxyapatite scaffolds for promoting vas
cularization and bone repair. J. Tissue Eng. Regen Med. 2017, 11, 1097–1109.

35. Diomede, F.; Marconi, G.D.; Fonticoli, L.; Pizzicanella, J.; Merciaro, I.; Bramanti, P.; Mazzon, E.; Trubiani, O. Functional
Rela-tionship between Osteogenesis and Angiogenesis in Tissue Regeneration. Int. J. Mol. Sci. 2020, 21, 3242.

36. Dreyer, C.H.; Kjaergaard, K.; Ding, M.; Qin, L. Vascular endothelial growth factor for in vivo bone formation: A systemati
c review. J. Orthop. Transl. 2020, 24, 46–57.

37. Grosso, A.; Burger, M.G.; Lunger, A.; Schaefer, D.J.; Banfi, A.; Di Maggio, N. It Takes Two to Tango: Coupling of Angiog
enesis and Osteogenesis for Bone Regeneration. Front. Bioeng. Biotechnol. 2017, 5, 68.

38. Kelpke, S.S.; Zinn, K.R.; Rue, L.W.; Thompson, J.A. Site-specific delivery of acidic fibroblast growth factor stimulates a
ngiogen-ic and osteogenic responses in vivo. J. Biomed. Mater. Res. A 2004, 71, 316–325.

39. Knaack, S.; Lode, A.; Hoyer, B.; Gabrielyan, A.; Roeder, I.; Gelinsky, M.; Rösen-Wolff, A. Heparin modification of a biom
imetic bone matrix for controlled release of VEGF. J. Biomed. Mater. Res. Part A 2013, 102, 3500–3511.

40. Piard, C.; Luthcke, R.; Kamalitdinov, T.; Fisher, J. Sustained delivery of vascular endothelial growth factor from mesopo
rous calcium-deficient hydroxyapatite microparticles promotes in vitro angiogenesis and osteogenesis. J. Biomed. Mate
r. Res. Part A 2021, 109, 1080–1087.

41. Lindhorst, D.; Tavassol, F.; Von See, C.; Schumann, P.; Laschke, M.W.; Harder, Y.; Bormann, K.-H.; Essig, H.; Kokemüll
er, H.; Kampmann, A.; et al. Effects of VEGF loading on scaffold-confined vascularization. J. Biomed. Mater. Res. Part
A 2010, 95, 783–792.

42. Farokhi, M.; Mottaghitalab, F.; Ai, J.; Shokrgozar, M.A. Sustained release of platelet-derived growth factor and vascular
endo-thelial growth factor from silk/calcium phosphate/PLGA based nanocomposite scaffold. Int. J. Pharm. 2013, 454,
216–225.

43. Adibfar, A.; Amoabediny, G.; Eslaminejad, M.B.; Mohamadi, J.; Bagheri, F.; Doulabi, B.Z. VEGF delivery by smart poly
meric PNIPAM nanoparticles affects both osteogenic and angiogenic capacities of human bone marrow stem cells. Mat
er. Sci. Eng. C 2018, 93, 790–799.

44. Bakshi, R.; Hokugo, A.; Khalil, D.; Wang, L.; Shibuya, Y.; Zhou, S.; Zhang, Z.; Rezzadeh, K.; McClendon, M.; Stupp, S.
I.; et al. A Chemotactic Functional Scaffold with VEGF-Releasing Peptide Amphiphiles Facilitates Bone Regeneration b
y BMP-2 in a Large-Scale Rodent Cranial Defect Model. Plast. Reconstr. Surg. 2021, 147, 386–397.

45. Shah, N.J.; Hyder, M.N.; Quadir, M.A.; Courchesne, N.-M.D.; Seeherman, H.J.; Nevins, M.; Spector, M.; Hammond, P.
T. Adaptive growth factor delivery from a polyelectrolyte coating promotes synergistic bone tissue repair and reconstruc
tion. Proc. Natl. Acad. Sci. USA 2014, 111, 12847–12852.

46. Lü, L.; Deegan, A.; Musa, F.; Xu, T.; Yang, Y. The effects of biomimetically conjugated VEGF on osteogenesis and angi
ogenesis of MSCs (human and rat) and HUVECs co-culture models. Colloids Surfaces B Biointerfaces 2018, 167, 550–
559.

47. Davies, N.; Dobner, S.; Bezuidenhout, D.; Schmidt, C.; Beck, M.; Zisch, A.H.; Zilla, P. The dosage dependence of VEG
F stimula-tion on scaffold neovascularization. Biomaterials 2008, 29, 3531–3538.

48. Richardson, T.P.; Peters, M.C.; Ennett, A.B.; Mooney, D. Polymeric system for dual growth factor delivery. Nat. Biotechn
ol. 2001, 19, 1029–1034.

49. Suárez-González, D.; Lee, J.S.; Diggs, A.; Lu, Y.; Nemke, B.; Markel, M.; Hollister, S.J.; Murphy, W.L. Controlled Multipl
e Growth Factor Delivery from Bone Tissue Engineering Scaffolds via Designed Affinity. Tissue Eng. Part A 2014, 20, 2
077–2087.



50. Kuttappan, S.; Mathew, D.; Jo, J.-I.; Tanaka, R.; Menon, D.; Ishimoto, T.; Nakano, T.; Nair, S.V.; Nair, M.B.; Tabata, Y. D
ual release of growth factor from nanocomposite fibrous scaffold promotes vascularisation and bone regeneration in rat
critical sized calvarial defect. Acta Biomater. 2018, 78, 36–47.

51. Kang, H.-W.; Lee, S.J.; Ko, I.K.; Kengla, C.; Yoo, J.J.; Atala, A. A 3D bioprinting system to produce human-scale tissue
constructs with structural integrity. Nat. Biotechnol. 2016, 34, 312–319.

52. Matai, I.; Kaur, G.; Seyedsalehi, A.; McClinton, A.; Laurencin, C.T. Progress in 3D bioprinting technology for tissue/orga
n re-generative engineering. Biomaterials 2020, 226, 119536.

53. Kneser, U.; Schaefer, D.J.; Polykandriotis, E.; Horch, R.E. Tissue engineering of bone: The reconstructive surgeon’s po
int of view. J. Cell. Mol. Med. 2006, 10, 7–19.

54. Auger, F.A.; Gibot, L.; Lacroix, D. The Pivotal Role of Vascularization in Tissue Engineering. Annu. Rev. Biomed. Eng. 2
013, 15, 177–200.

55. Scheufler, O.; Schaefer, D.J.; Jaquiéry, C.; Braccini, A.; Wendt, D.J.; Gasser, J.A.; Galli, R.; Pierer, G.; Heberer, M.; Mar
tin, I. Spatial and temporal patterns of bone formation in ectopically pre-fabricated, autologous cell-based engineered b
one flaps in rabbits. J. Cell. Mol. Med. 2008, 12, 1238–1249.

56. Kneser, U.; Stangenberg, L.; Ohnolz, J.; Buettner, O.; Stern-Straeter, J.; Möbest, D.; Horch, R.E.; Stark, G.B.; Schaefer,
D.J. Evalua-tion of processed bovine cancellous bone matrix seeded with syngenic osteoblasts in a critical size calvaria
l defect rat model. J. Cell. Mol. Med. 2006, 10, 695–707.

57. Akar, B.; Tatara, A.M.; Sutradhar, A.; Hsiao, H.-Y.; Miller, M.; Cheng, M.-H.; Mikos, A.G.; Brey, E.M. Large Animal Model
s of an In Vivo Bioreactor for Engineering Vascularized Bone. Tissue Eng. Part B Rev. 2018, 24, 317–325.

58. Arkudas, A.; Lipp, A.; Buehrer, G.; Arnold, I.; Dafinova, D.; Brandl, A.; Beier, J.P.; Körner, C.; Lyer, S.; Alexiou, C.; et al.
Pedicled Transplantation of Axially Vascularized Bone Constructs in a Critical Size Femoral Defect. Tissue Eng. Part A
2018, 24, 479–492.

59. Warnke, P.; Springer, I.; Wiltfang, J.; Acil, Y.; Eufinger, H.; Wehmöller, M.; Russo, P.; Bolte, H.; Sherry, E.; Behrens, E.;
et al. Growth and transplantation of a custom vascularised bone graft in a man. Lancet 2004, 364, 766–770.

60. Weigand, A.; Horch, R.E.; Boos, A.M.; Beier, J.P.; Arkudas, A. The Arteriovenous Loop: Engineering of Axially Vasculari
zed Tissue. Eur. Surg. Res. 2018, 59, 286–299.

61. Arkudas, A.; Beier, J.P.; Heidner, K.; Tjiawi, J.; Polykandriotis, E.; Srour, S.; Sturzl, M.; Horch, R.E.; Kneser, U. Axial pre
vascular-ization of porous matrices using an arteriovenous loop promotes survival and differentiation of transplanted au
tologous os-teoblasts. Tissue Eng. 2007, 13, 1549–1560.

62. Arkudas, A.; Beier, J.P.; Pryymachuk, G.; Hoereth, T.; Bleiziffer, O.; Polykandriotis, E.; Hess, A.; Gulle, H.; Horch, R.E.;
Kneser, U. Automatic Quantitative Micro-Computed Tomography Evaluation of Angiogenesis in an Axially Vascularized
Tissue-Engineered Bone Construct. Tissue Eng. Part C Methods 2010, 16, 1503–1514.

63. Beier, J.P.; Horch, R.E.; Hess, A.; Arkudas, A.; Heinrich, J.; Loew, J.; Gulle, H.; Polykandriotis, E.; Bleiziffer, O.; Kneser,
U. Axial vascularization of a large volume calcium phosphate ceramic bone substitute in the sheep AV loop model. J. Ti
ssue Eng. Regen. Med. 2009, 4, 216–223.

64. Horch, R.E.; Beier, J.P.; Kneser, U.; Arkudas, A. Successful human long-term application of in situ bone tissue engineer
ing. J. Cell. Mol. Med. 2014, 18, 1478–1485.

65. Mian, R.; Morrison, W.A.; Hurley, J.V.; Penington, A.; Romeo, R.; Tanaka, Y.; Knight, K.R. Formation of New Tissue fro
m an Arteriovenous Loop in the Absence of Added Extracellular Matrix. Tissue Eng. 2000, 6, 595–603.

66. Leibig, N.; Wietbrock, J.O.; Bigdeli, A.K.; Horch, R.E.; Kremer, T.; Kneser, U.; Schmidt, V.J. Flow-Induced Axial Vascular
ization: The Arteriovenous Loop in Angiogenesis and Tissue Engineering. Plast Reconstr. Surg. 2016, 138, 825–835.

67. Matsuda, K.; Falkenberg, K.J.; Woods, A.A.; Choi, Y.S.; Morrison, W.A.; Dilley, R.J. Adipose-derived stem cells promote
angio-genesis and tissue formation for in vivo tissue engineering. Tissue Eng. Part A 2013, 19, 1327–1335.

Retrieved from https://encyclopedia.pub/entry/history/show/32174


