
Biomaterial mediated strategies targeting vascularization for 
bone repair

José R. García and Andrés J. García
Woodruff School of Mechanical Engineering, Petit Institute for Bioengineering and Bioscience, 
Georgia Institute of Technology, Atlanta, GA, USA

1. Introduction

Vascularization is one of the most important aspects to the success of tissue engineered 

constructs and constitutes a major hurdle facing the regenerative medicine field [1]. Tissues 

that have undergone significant damage exhibit an incredibly hypoxic environment due to 

the destruction of the local vascular network. Large bone defects that do not fully heal on 

their own are termed critically-sized (non-healing) bone defects and exhibit this hypoxic 

condition [2]. Tissue engineered constructs delivering cells or biological factors have been 

used to bridge these large bone defects; however, in many cases these constructs fail to 

perform due to a lack of vascular perfusion. Embedded cells exhibit poor survival due to the 

lack of oxygen, adequate nutrient supply and efficient waste removal [3]. Moreover, poor 

blood perfusion results in the absence of recruitment of endogenous cells to contribute to the 

healing process. Since biological factors included in tissue engineered constructs usually 

target these endogenous cells, the lack of efficient recruitment can hinder therapeutic 

outcomes. Various strategies aim at increasing the early vascular response following injury 

including delivering angiogenic growth factors, implantation of vascular cells and gene 

therapy. In addition to these strategies, significant efforts are directed at engineering 

scaffolds that work in concert with these agents to augment the vascular response. When 

designing an appropriate scaffold for bone vascularization, there are multiple important 

factors to keep in mind. The biomaterial used should allow tissue remodeling as both the 

mineralizing bone and neovascular networks dynamically remodel over the course of the 

healing process in response to biological stimuli. In addition, specifically for bone 

engineering, the scaffold may need to provide a biomechanically stable environment to 

support the load-bearing nature of the musculoskeletal system. Current materials used as 

bone grafts address these concerns but still lack a synergistic relationship between the 

scaffold itself and the embedded factors.

This review will focus on vascularization strategies currently being explored to treat 

critically-sized bone defects as well as provide an outlook on future generations of 

biomaterials engineered for this purpose. We will start with a brief introduction to bone 

physiology including bone development and the different growth factors and cells at work in 
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this process. This will provide a general background for further discussion in vascularization 

strategies including growth factor delivery, cell delivery with stem cells, co-delivery of stem 

cells and vascular cells, gene therapy and combinatorial therapies. We will end by 

emphasizing the importance of biomaterials engineering and discussing how strategies 

currently used in related tissue engineering fields can apply to bone regeneration. With the 

wide amount of reviews present for vascularizing bone defects, we will focus on strategies 

currently used in vivo in animal models.

2. Mechanisms of Bone Formation

2.1 Endochondral Ossification

Depending on the location, bone develops by either of two pathways: intramembranous or 

endochondral ossification [4]. A common feature between these two ossification methods is 

that pre-vascularization is necessary for both processes to create fully functional bone. 

Endochondral ossification, the process through which all long and load-bearing bones in the 

body are generated and is characterized through development by a cartilage intermediary, 

initiates through migration and differentiation of mesenchymal stem cells (MSCs) into 

chondrocytes in part through activation and suppression of the transcription factors Sox9 

and β-catenin, respectively [5]. Differentiated chondrocytes then proliferate under the 

control of the Sox9 transcription factor, and ultimately undergo hypertrophy through 

activation of Runx2 followed by apoptosis following secretion of collagen and 

proteoglycans. Prior to apoptosis, these hypertrophic chondrocyte cells secrete a 

synchronized cascade of chemokines and cytokines that recruit endothelial cells and 

associated vasculature. The invading vasculature then allows for recruitment of osteoclasts, 

which subsequently remove the cartilaginous matrix and allow for osteoprogenitors to 

migrate to and deposit calcium and bone matrix into the remnants of the matrix [6]. While 

osteoprogenitors originate from the same cell type as the initial chondrocytes that laid down 

the cartilaginous matrix, early activation of the transcription factor Runx2 in the absence of 

Sox9 followed by upregulation of osterix, alkaline phosphatase and ostepontin cause MSC 

differentiation down the osteogenic lineage [7]. An in-depth review of the molecular signals 

and pathways governing bone development can be found elsewhere [8].

Throughout this process, the spatiotemporal regulation of growth factor activity provides 

necessary cues for proper skeletogenesis. Notably, vascular endothelial growth factor A 

(VEGF) along with the family of bone morphogenetic proteins (BMPs) and fibroblast 

growth factors (FGFs) are central to this process. Initially, BMP 2, 4, 7 and 9 all aid in the 

initiation of chondrocyte differentiation and cartilage development; deletion of these growth 

factors leads to gross absence of most skeletal components [9, 10]. Once chondrocytes begin 

to undergo hypertrophy, their VEGF mRNA expression increases with subsequent secretion 

of the protein resulting in elevations in the proliferative capacity of nearby chondrocytes as 

well as inducing vascular invasion into the ischemic cartilaginous region [11–13]. Blocking 

the activity of VEGF through soluble VEGF receptors impairs angiogenesis, ossification and 

results in massive cell death in chondrocytes, whereas reverting this blocking treatment 

restores normal bone formation [11–13]. Coinciding with this increase of locally secreted 

VEGF, expression of FGF18 is increased and acts as a negative regulator of chondrocytic 
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proliferation through FGF receptor 3 (FGFR3) [14]. Mice lacking either the Fgf18 or Fgfr3 

gene exhibit heightened levels of chondrocyte proliferation and associated lower levels of 

osteogenic differentiation from invading MSCs into the ossification front. The fact that 

VEGF increases the proliferation of chondrocytes while the presence of FGF18 counteracts 

this process indicates a tightly regulated process in which it has been postulated that VEGF 

expression is controlled through activation of FGFR3 [15].

2.2 Intramembranous Ossification

In contrast to endochondral ossification, intramembranous ossification forms bone without a 

cartilage intermediary and is the mechanism by which all flat bones, including the cranial 

and clavicle bones, are formed [16]. In this process, MSCs directly differentiate into 

osteoblasts and secrete bone matrix into the surrounding ECM. Prior to their differentiation, 

MSCs destined to become osteoblasts begin to condense at the area of ossification with 

various FGFs being highly expressed in center of ossification [17]. Following condensation, 

spatiotemporal concentrations of BMP2, BMP4, and BMP7 activate the expression of 

Runx2 which acts as a transcription for further osteogenic differentiation [18]. Expression of 

late-markers for differentiation including osteocalcin and osteopontin requires the initial 

activation of Runx2. In regards to vascularization, the spatiotemporal expression of 

angiogenic factors such as VEGF and HIF-2α direct surrounding blood vessels to invade the 

mesenchymal condensation near the time of initial ossification [19]. As ossification occurs 

surrounding the blood vessels, the mesenchymal stem cells not involved in ossification at 

the time migrate outward. Blood vessels continue to extend toward these migrating cells 

with mineralization occurring near these sprouting vessels [19].

2.3 Vascular Supply of Bone

Bone is a highly dynamic and vascularized tissue undergoing constant remodeling in order 

to achieve its two primary tasks: structural stability and calcium homeostasis [20]. In certain 

long bones, the presence of bone marrow also houses a stem cell niche which is invaluable 

for health. To ensure bone does not lose its blood supply due to minor obstructions, 

numerous avenues of blood flow are present within bone. Long bones have a main 

diaphyseal nutrient artery as well as epiphyseal, metaphyseal and periosteal blood vessels 

that enter the bone and connect it to the surrounding tissue’s vascular supply. Consisting of 

the basic structural unit of cortical bone, the osteon has a central Haversian canal in which 

arteries and veins reside in. These arteries, along with blood vessels inhabiting the 

Volkmann canals, bring oxygen and nutrients to osteocytes embedded within the concentric 

mineralized lamellae as well as cells associated with the basic multicellular unit including 

endothelial cells, osteoblasts and osteoclasts. In short and flat bones, blood vessels run 

alongside the periosteal surface with certain regions having superficial periosteal arterioles 

that penetrate the periosteum. An in-depth overview of bone physiology including vascular 

supply can be found elsewhere [21].
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3. Current strategies for vascularization and bone regeneration in bone 

defects

Re-vascularization of a bone defect can vastly improve the regenerative response by 

providing needed access to nutrients as well as a supply of stem and inflammatory cells [22, 

23]. Whereas vascularized autologous bone grafts can rapidly integrate into the recipient site 

providing initial strength and stability to the region, the limited supply of this material and 

associated issues with harvesting it mandate the need for alternative strategies [24]. Various 

regenerative medicine approaches aimed at the restoration of vasculature and associated 

bone regeneration have been explored. The following sections will review current in vivo 

strategies that use engineered biomaterials in combination with various technologies ranging 

from incorporation and presentation of angiogenic growth factors, cells, and genetic 

strategies to induce vascularization and bone regeneration in osseous defects (Figure 1).

3.1 Angiogenic and Osteogenic growth factor incorporation

One of the most widely used approaches for the induction of vascular invasion is delivery of 

angiogenic and osteogenic growth factors. The growth factors VEGF, FGF2, BMP2, BMP7, 

PDGFB and TGFB1 have all been explored to increase the early onset of vascular invasion 

with the most prominently utilized growth factors being VEGF and BMP2 [25]. VEGF is a 

potent angiogenic/vasculogenic growth factor and exerts its effects through interacting with 

two receptor tyrosine kinases, VEGFR1 (otherwise known as Flt1) and VEGFR2 (otherwise 

known as Flk1) [26]. Activation of these receptors in endothelium causes destabilization of 

the junctions holding endothelial cells in order to facilitate angiogenesis. Once broken down, 

VEGF acts as a chemotactic factor as well as signals for the proliferation of endothelial 

cells. One of the first studies investigating VEGF for bone regeneration showed in a fracture 

model in mice that treatment with a soluble VEGF receptor blocking endogenous VEGF 

activity impaired new bone formation [27]. Additionally, when VEGF was continuously 

delivered to critically-sized bone defects in rabbits over the course of seven days via a 

subcutaneously implanted osmotic pump, significant bone regeneration was observed in 

comparison to no VEGF treatments. One of the drawbacks with this study, however, was the 

supraphysiological doses of VEGF required to induce bone regeneration as high 

microenvironmental concentrations of VEGF results in the formation of aberrant and leaky 

neovasculature [28, 29].

BMPs have also been extensively utilized in bone regeneration therapies, and BMP2 therapy 

is currently FDA approved for certain lumbar spinal fusions [30]. Considered an osteogenic 

factor, BMPs are well known to induce the osteogenic differentiation of MSCs in vitro [31, 

32]. When co-delivered with stromal cells in a murine subcutaneous model, BMP2, 4, 6, 7, 

and 9 all exhibit robust ALP activity and elevated calcium deposition pointing to their 

effectiveness in vivo as well. [33]. Recent studies indicate that BMPs also regulate 

angiogenesis and VEGF secretion through its auto- and paracrine actions on osteoblasts and 

MSCs [34, 35]. When cultured in media containing BMP4, preosteoblasts increase their 

VEGF production in a dose-dependent manner while addition of the BMP-inhibitor Noggin 

causes VEGF levels to drop to non-BMP stimulated control levels [36]. BMP2 also induces 

proliferation of endothelial cells as well as elevates their tube-forming capacity in Matrigel 
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angiogenesis assays [37, 38]. In clinical settings, recombinant human BMP2 (rhBMP2) is 

delivered via an absorbable collagen sponge under the trade name INFUSE to treat patients 

suffering from significant bone loss or in need of bone fusion. While having significant 

success in the clinic, delivery of this growth factor within a collagen sponge results in a 

large burst release at early time points, and this delivery vehicle requires the use of 

supraphysiological doses of rhBMP2 to attain significant bone formation [39, 40]. However, 

elevated doses of are associated with excessive amounts of ectopic bone formation and 

increased inflammation and neuropathies, deleterious consequences in clinical settings [41, 

42]. Because of this, numerous groups are exploring various methodologies to control the 

release and presentation of BMP2 in order to reduce the dose delivered driving down both 

unwanted effects as well as total cost of therapy.

To optimally control the kinetics and distribution of therapeutic protein release and 

subsequently lower the total delivered dose, biomaterials have been engineered to achieve 

tailored and sustained delivery profiles. A common strategy is absorbing and entrapping 

growth factors within biomaterial scaffolds synthesized with pore sizes that would dictate 

growth factor release. Early reports utilizing BMPs focused on incubating biomaterials 

including ceramic and polymer scaffolds in growth factor solutions until saturation was 

reached followed by immediate implantation [43–47]. Many of these studies achieved 

success in terms of bone repair, but were limited by using high doses of BMP as the 

materials exhibit an initial burst release followed by a gradual slow release based on the 

scaffold structure. Whereas these studies did not specifically focus on vascularization, 

subsequent research employed similar biomaterial strategies with VEGF to investigate 

whether this factor alone can induce vascularization and bone repair. Entrapment of VEGF 

into β-TCP scaffolds exhibited increased invasion of microvasculature and osseointegration 

in a murine calvarial defect [48]. Similarly, incorporation of VEGF into a PLGA scaffold 

followed by coating with bioactive glass showed increased infiltration of blood vessels with 

an increase in bone mineral density in a rat calvarial defect compared to scaffolds without 

VEGF [49].

Interestingly, even though endogenous VEGF is crucially important in the development and 

repair of bones, many reports utilizing VEGF in bone defects show no difference between 

scaffolds with and without VEGF and studies have instead investigated the synergistic 

effects of VEGF with other proteins [50–52]. Co-delivering VEGF and BMP2 within 

polymer scaffolds enhances bone regeneration in critically-sized defects compared to that of 

the delivery of single growth factors [53, 54]. Additionally, delivering VEGF alone, but not 

BMP2 alone, exhibited increased blood vessels within the defect regardless of whether or 

not BMP2 was also delivered. Other studies have investigated the effects of temporal 

cascades of dual growth factors through the use of specifically engineered biomaterials. 

Mikos and colleagues designed a system in which BMP2 was loaded into PLGA 

microparticles, embedded within a poly(propylene fumarate) (PPF) scaffold which was then 

further embedded within a VEGF-loaded gelatin hydrogel and implanted into either a 

subcutaneous pocket or a critically-sized rat femoral defect [55]. The setup allows quick 

release of VEGF thus eliciting a vasculogenic response followed by slow release of the 

osteogenic BMP2 as vasculature invaded the defect. The results, however, showed that this 

temporally-controlled delivery had no beneficial effect on bone regeneration in the 
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orthotopic model over the delivery of BMP2 alone. In the subcutaneous model however, 

increased ectopic bone and blood vessel volume was seen compared to BMP2 or VEGF only 

scaffolds. A similar experiment utilizing a combination of acidic and basic gelatin 

microparticles where the different charges result in a similar VEGF/BMP2 release profile as 

Mikos’ study also demonstrated that in an orthotopic model, the dual temporal control of 

VEGF and BMP2 produced no increase in bone formation compared to BMP2 only 

scaffolds [56]. The lack of bone regeneration with the temporal cascade indicates that it is 

possible that both growth factors need to be present at relevant microenvironmental 

concentrations at the same time to be effective therapeutically, although identifying what 

these target concentrations are and how to control them depends on the system and model 

being used.

A continually pervasive issue in growth factor therapy is the relatively short half-life many 

proteins have once scaffolds are transplanted. To circumvent this issue, novel strategies are 

using small pharmacological agents to promote vascularization in bone defects mainly 

through regulation of early inflammation [57, 58]. Delivery of FTY720, a selective agonist 

for the sphingosine 1-phosphate receptor, has been shown to promote the formation of new 

arterioles, enlarge existing arterioles, and enhance the recruitment of anti-inflammatory 

monocytes in a mouse skinfold window chamber [59, 60]. When used in orthotopic defect 

models, FTY720 increases both the number of mature blood vessels and the structural 

integrity of newly formed bone compared to that of scaffolds lacking the small molecule 

[61, 62].

3.2 Cell Delivery

Several groups have investigated the extent to which delivering one or multiple cell types 

within implantable scaffolds influences vascularization and repair of bone defects, as 

reviewed in [63]. Initial cell-delivery studies investigating bone tissue regeneration focused 

on solely transplanting osteogenic cells, mainly bone marrow-derived MSCs, into bone 

defects [64]. MSCs have long been recognized as clinically relevant cells for bone 

applications due to their ability to differentiate down an osteogenic lineage not only in vitro, 

as is widely known, but also in vivo [65]. Vila et al. demonstrated, using a dual-luciferase 

tracking system in which MSCs were transduced to express luciferase driven by constitutive 

and osteocalcin (OC)-responsive promoters, that MSCs implanted into calvarial defects in 

mice greatly upregulated their expression of osteocalcin, a late-marker for osteogenic 

differentiation [66]. In addition to their osteogenic capabilities, the ability to isolate MSCs 

from either bone marrow or adipose tissue, their immunosuppressive phenotype and the 

potential for utilization in autologous therapies make these cells alluring for both clinicians 

and researchers [67, 68]. Importantly, the study from Vila et al. shows the bioluminescence 

from the constitutively-expressed luciferase decreased across all groups after one week 

reinforcing our current inability to maintain long-term cell engraftment and survival with 

current biomaterials (Figure 2).

In terms of vascularization, the potential of MSCs to differentiate into endothelial-like cells 

and generate capillary-like structures when cultured in specifically defined media has been 

reported [69–71]. Although early studies concluded that VEGF was the most important 
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growth factor regulating this differentiation, recent reports have disputed this claim showing 

no evidence of dose-dependent response of VEGF on expression of endothelial cell-related 

genes and proteins [72]. In a similar fashion, shear stress has been implicated in inducing 

endothelial differentiation of MSCs [73, 74]. However, with MSCs also showing 

upregulation of osteogenic markers in response to shear stress, it is still unknown what 

specific environmental factor(s), either acting separately or in conjunction, causes the 

cascade resulting in apparent endothelial differentiation [75]. Nevertheless, this endothelial 

potential does not seem evident when these cells are implanted within a bone defect. In the 

same study showing positive osteocalcin expression of MSCs, Vila et al. also transduced 

MSCs to express a luciferase-dependent promoter for PECAM1, an endothelial-specific 

marker, and observed a decrease in PECAM1 expression when MSCs were implanted within 

a bone defect but an increased expression when implanted intra-muscularly denoting how 

the microenvironmental cues influence the fate of implanted cells [66]. Although MSCs do 

not themselves differentiate down an endothelial lineage when implanted in a bone defect, 

they appear to aid in recruiting endogenous endothelial cells to begin vascular repair [76]. 

Rather than relying on recruitment of host cells, groups have investigated delivering a 

second type of cell in addition to MSCs to serve as a vasculogenic cue.

Constituting the primary cell type lining the vasculature, bonafide endothelial cells have 

been extensively studied for their ability to form 3-D vascular-like networks in either mono-

culture or when co-cultured with a variety of cell types ranging from embryonic fibroblasts 

to adult MSCs [77–82]. More importantly, endothelial cells cultured in 3-D matrices exhibit 

the ability to undergo anastomosis with native vasculature and rapidly perfuse a tissue-

engineered construct when implants are vascularized with cells prior to implantation [83–

85]. When human umbilical vein endothelial cells (HUVECs) are cultured with fibroblasts 

within a fibrin gel for 7 days pre-implantation subcutaneously, by 5 days post-implantation, 

robust vasculature can be seen protruding from the surrounding tissue into the construct 

[83]. This strategy of pre-vascularizing implants is also applicable to endothelial progenitor 

cells (EPCs) as these cells have also been utilized in successful anastomosis with host 

vasculature and even exhibited elevated scaffold perfusion compared to scaffolds pre-

vascularized with HUVECs and human dermal microvascular endothelial cells (HDMECs) 

[86].

Co-culturing of this ‘osteogenic’ cell type, MSCs, and the ‘vasculogenic’ cell type, 

endothelial cells, shows considerable synergism. Alkaline phosphatase (ALP) activity, an 

early marker for osteogenic differentiation, as well as gene expression for BMP2 and bone 

sialoprotein are all upregulated in MSCs when the cells are cultured in 2D with endothelial 

cells [87–89]. Co-culturing MSCs with EPCs also increases ALP activity as well as calcium 

deposition compared to MSC monocultures [90]. Interestingly, these increases are only 

observed when the two cell types are incubated in direct contact with each other rather than 

in cell culture inserts, indicating the need of cell-cell contact [87]. Co-culturing in 3D 

conditions, such as within β-TCP or polycaprolactone scaffolds, also shows similar trends 

with increased ALP and osteocalcin expression from MSCs compared to mono-culture 

conditions yet exhibiting little to no difference in other osteogenic markers such as Runx2 

expression [91–93]. In addition to MSCs, co-culturing bonafide osteoblasts with endothelial 

cells imparts beneficial effects onto osteoblasts by increasing their proliferation while 
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decreasing the expression of proteins involved in apoptotic pathways [94]. Osteoblasts also 

exhibit enhanced secretion of collagen type I and VEGF when co-cultured with endothelial 

cells and, similar to MSCs, only exhibit this upregulation when cultured in direct contact 

with endothelial cells [95].

Subsequent studies have investigated whether the synergism present between osteogenic and 

endothelial cells translates into enhanced vascularization and associated bone formation in 

both subcutaneous and orthotopic animal models. In a murine subcutaneous model, scaffolds 

delivering both MSCs and either EPCs or HUVECs exhibit heightened ectopic bone 

formation as well as capillary infiltration and anastomosis compared to those delivering 

MSCs or endothelial cells alone [96, 97]. Scaffolds with endothelial cells only displayed 

immature vascular networks which ultimately regressed while scaffolds only having MSCs 

had lower blood vessels overall. In a study focusing on a scaffold-free, cell-sheet 

technology, Ren et al. engineered a material having two concentric layers of unique cell 

sheets encompassing the implant [98]. The inner cell sheet consisted of either mono-cultured 

MSCs or co-cultured MSCs with HUVECs while the outer sheer contained osteogenically-

differentiated MSCs. When implanted subcutaneously, the constructs containing the co-

cultured cell sheet exhibited faster anastomosis with the host vasculature and elevated 

osteocalcin staining compared to those of mono-cultured sheets.

Whereas results from subcutaneous implantation studies have shown generally positive 

results in terms of osteogenic differentiation of MSCs when co-delivered with endothelial 

cells, results from more clinically relevant orthotopic studies provide a more ambiguous 

picture. Utilizing a decalcified porcine bone construct within a murine calvarial defect, 

Koob et al. saw no difference in bone formation after 6 weeks between scaffolds seeded 

with MSCs or those seeded with a combination of MSCs and HUVECs [99]. Although co-

cultured scaffolds did display higher neovascularization and formation of more mature, α-

smooth muscle actin (ACTA2) positive vessels compared to those seeded with either MSCs 

or HUVECs alone, this did not translate to elevated bone formation. In another study using 

decellularized bone allografts, Cornejo et al. found that seeding adipose-derived endothelial 

cells increases bone healing in a rat calvarial defect compared to allografts having either 

osteoblasts or a co-culture of adipose-derived osteoblasts and adipose-derived endothelial 

cells [100]. In addition, implantation of adipose-derived endothelial cells increased the 

number of blood vessels within the defect compared to osteoblasts alone, or osteoblast + 

adipose-derived endothelial cells. The fact that stromal-cell derived endothelial cells seemed 

to increase bone healing compared to delivery of osteoblasts or the combination of these two 

cell types is particularly interesting as this could imply that the osteogenic signals needed for 

proper bone regeneration may be imparted by the decellularized allograft with the 

endothelial cells supporting the needed angiogenic signals. In lieu of bone allografts and 

instead utilizing a porous titanium fiber mesh scaffold delivered into a rat cranial defect, Ma 

et al. observed increased bone formation in scaffolds seeded only with adipose-derived 

MSCs compared to those seeded with both adipose-derived MSCs and HUVECs [101].

The number of studies showing a detrimental or no-effect of co-delivery of osteogenic and 

vasculogenic cells in orthotopic animal models are balanced by studies showing positive 

effects on both neovascularization and associated bone healing. When implanted within a 
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HA/PCL scaffold into a murine critically-sized femoral defect model, Yu et al. reported that 

MSCs differentiated into osteoblasts along with endothelial cells derived from EPCs 

increased blood vessel invasion and newly formed bone compared to mono-culture 

conditions after 6 weeks [102]. Pang et al. showed delivery of non-differentiated MSCs with 

EPCs within a decellularized bone matrix increased neovascularization at 2 weeks post 

implantation with an associated increase in bone healing at 12 weeks within a rabbit radial 

segmental defect [103]. Interestingly, an immunohistochemical analysis showed that blood 

vessels in grafts containing both MSCs and EPCs exhibited increased VEGF expression 

compared to grafts containing a single cell type. These neovascularization results have also 

been mirrored by studies showing delivering MSCs and EPCs seeded inside β-TCP granules 

within a rat femoral defect enhanced the ingrowth of vasculature within one week post-

implantation with associated increases in bone regeneration at 4 and 8 weeks post 

implantation [104, 105]. The disparity between the various studies co-delivering osteogenic 

and vasculogenic cells merits further investigation as to the underlying parameters that 

ultimately regulate and determine whether or not bone will heal. Factors such as cell 

numbers, differentiation and growth protocols of implanted cells and types of models and 

biomaterials used can all determine the efficacy of treatment and for this therapy to move 

forward to the clinic, it will be necessary to fully evaluate under what conditions do MSCs 

and endothelial cells synergistically work to generate vascularized bone.

Currently, there are several clinical trials underway evaluating the safety and efficacy of 

using MSCs in bone regeneration (clinicaltrials.gov). An important aspect to keep in mind 

however in adapting a cellular therapy for clinical applications is the obstacles it will face in 

cell sourcing and regulatory approval. The decision to use either allogenic or autologous 

MSCs will immensely impact the nature of treatment with allogenic MSCs being simpler to 

expand to clinically relevant numbers but may warrant the use of immunosuppressive 

therapy following infusion [106]. In addition, procuring allogenic MSCs requires extensive 

donor and cellular screening to ensure safety of transplantation [107]. In contrast, 

autologous MSC therapy bypasses many of the screening platforms but is subject to multiple 

medical procedures related to the extraction and reinfusion of stem cells with possible 

expansion occurring in between. The business model for autologous therapy is also more 

difficult to implement as it requires individualized cell expansion for each patient. The 

decision is further muddled in terms of bone healing as differing cell sources exhibit 

different regeneration potentials [108]. Autologous and allogenic sourcing will both be 

subject to non-trivial cell expansion procedures which requires Good Manufacturing 

Practice (GMP) SOPs and facilities for FDA approval.

The need for cell expansion is a point of current debate as studies have previously shown 

positive bone regeneration results by extracting, purifying and re-infusing MSCs from the 

patient’s bone marrow into the bone defect all within the time frame of one surgery [109, 

110]. While this method provides about 104–105 MSCs for transplantation, other studies 

have investigated the use of ex vivo expanded MSCs such that at the time of transplantation, 

107–109 MSCs are delivered [68, 111, 112]. While there is no clear consensus on the 

optimal dose of MSCs for beneficial therapeutic outcomes, it will undoubtedly depend on 

the type of non-union and range on a patient-to-patient basis with traumatic injuries more 
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than likely necessitating cell numbers only achievable through ex vivo expansion. 

Additionally, the exact mechanisms by which MSC delivery aids bone is still not fully 

elucidated with current research focusing on whether stem cells integrate and differentiate 

into bone or simply provide trophic and paracrine effects. The distinction between these two 

methods of regeneration will shed further light onto the dose of cells needed.

Sourcing clinically-relevant endothelial cells for co-delivery also brings challenges as 

mature endothelial cells exhibit low regenerative potential [113]. Companies offer umbilical 

cord tissue banking which would enable extraction of residing endothelial cells for future 

autologous therapies; however, the percentage of patients having access to this is relatively 

small at the moment and therapies using this strategy are not suitable for this generation. 

EPCs are currently the subject of clinical trials aimed at restoring vasculature at ischemic 

sites but a lack of agreement as to the biological markers and proper isolation protocols that 

result in bona fide EPC makes purification difficult to define and regulate [114]. 

Furthermore, for EPCs to show reasonable therapeutic benefits in severe ischemia, it is 

estimated that as much 1.0 × 109 cells are required [115]. Since on average, only 5.0 × 106 

EPCs can be isolation per 100 milliliters of peripheral blood after 7 days in culture, this total 

number translates to 20 liters of peripheral blood, a daunting task for clinical relevance.

3.3 Combined Cell and Growth Factor Delivery

Within a physiological environment, a continuous restructuring of the ECM by surrounding 

cells releases a multitude of growth factors which in turn act on the cells in order to further 

dictate their function. To recapitulate this scenario for vascularized bone regeneration 

purposes, materials have been engineered to deliver both inductive molecules and cells in 

order to further increase the efficacy of treatments. As previously described, treatment of 

critically-sized bone defects with BMPs or MSCs alone has shown promising results in 

terms of regenerative potential. Additionally, BMPs and MSCs both exhibit a vasculogenic 

potential through their interactions with endothelial cells. Combining these two therapies, 

however, is much more complicated than a simple additive effect due to the cross-talk that 

exists between this growth factor and the various cells necessary for bone healing. For 

example, BMP9 exerts its osteogenic effects partly by increasing the expression of hypoxia-

inducible factor 1α (HIF1A), a potent angiogenic transcription factor which increases VEGF 

secretion when activated [116, 117]. When immortalized mouse embryonic fibroblasts are 

injected subcutaneously, those transfected with recombinant adenoviruses expressing BMP9 

show drastically increased calcium deposition compared to transplanted cells that were 

transfected with adenoviruses expressing both BMP9 and a HIF1A inhibitor.

In an orthotopic defect model, the combination of MSCs and BMPs shows synergism in 

terms of their angiogenic and osteogenic effects. Co-delivering MSCs and BMP2 in rat 

calvarial defects has been shown in two studies to increase bone healing at 8 weeks 

compared to scaffolds having either BMP2 or MSCs alone [118, 119]. Kim et al. delivered a 

combination of MSCs and BMP2 in a hyaluronic acid hydrogel within a rat calvarial defect 

and, in addition to showing enhanced bone formation compared to MSC or BMP2 

treatments alone, the combinatorial therapy also exhibited increased expression of von 

Willebrand factor, VEGF, and endothelial-specific PECAM1, indicating increased 
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vascularization within the defect [120]. Given the beneficial effects that BMPs have on 

MSCs in vivo, studies have pre-incubated MSC- and BMP2-ladened scaffolds up to 4 weeks 

in vitro prior to delivery to prime them for bone regeneration [121, 122]. However, these 

analyses show minimal improvement of pre-incubated scaffolds compared to constructs 

prepared immediately before implantation.

By and large, the majority of therapies using a combinatorial delivery of growth factors and 

MSCs utilize BMPs due to their osteogenic potential in the absence of any delivered cells. It 

is important, however, to note that in normal physiological bone repair, a multitude of 

growth factors are at work, even though many may not induce bone repair by themselves. It 

is ultimately the cross-talk between these proteins, the surrounding microenvironment and 

the delivered cells that will dictate the efficacy of treatment. Gao and colleagues studied the 

effects of a bolus injection of VEGF next to implanted MSC-collagen scaffolds in a 

critically-sized murine defect and noted that, whereas MSC scaffolds alone did not 

mineralize, the combination of a bolus VEGF treatment with the MSC scaffold increased the 

mineralization and integration of the scaffold with the native bone [123]. As detailed before, 

VEGF by itself does not reliably induce bone regeneration but its combination with seems to 

have beneficial effects, at least in the stated model. Due to the delivery of VEGF through a 

bolus injection which consequently leads to a very short half-life in vivo, this study is 

noteworthy as fine-tuning the VEGF dose and kinetics of secretion could significantly 

improve therapeutic benefits.

Eman et al. investigated the effects of delivery of stromal-cell-derived factor-1α (CXCL12) 

in conjunction with MSCs on vascularized ectopic bone formation [124]. CXCL12 controls 

numerous aspects of stem cell function including the homing capacity of both MSCs and 

HSCs to sites of injured tissue through local activation of the HIF1A pathway in ischemic 

environments [125]. Notably, CXCL12 has been shown to be essential for MSC homing 

following bone fractures, as treatment of a bone fracture with an anti-CXCL12 antibody 

resulting in suppressed bone regeneration [126]. In the study by Eman, MSC-ladened 

constructs were implanted subcutaneously in mice either with EPCs or CXCL12 with 

subsequent assessments of vascularization and ectopic bone formation performed. Similar to 

previous reports, the combination of MSCs with EPCs greatly enhanced early 

vascularization and resulted in increased ectopic bone formation. Interestingly, the implants 

containing MSCs with CXCL12 exhibited more elaborate vascular networks compared to 

MSC-EPC ladened constructs as well as showed similar levels of ectopic bone formed. The 

significance of this study lies in the distinction between the delivery of exogenous stem cells 

and mobilization of endogenous stem cells for performing the same overall task. 

Nevertheless, the data from studies delivering growth factors other than BMPs, including 

VEGF, FGF and CXCL12, all of which have been implicated in normal, non-critically sized 

bone repair and development, alongside cells remains inconclusive and merits further 

investigation.

3.4 Gene Delivery

A major limitation in delivering therapeutic proteins within a scaffold however is the 

inability, in most cases, to adequately control the release and spatial concentration of 
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proteins in a manner suitable for endogenous processes to repair the damaged tissue. Too 

high of concentrations can cause aberrant physiologies such as leaky vasculature in the case 

of VEGF or ectopic bone formation in the case of BMPs. If the total dose though is 

insufficient, the therapy fails to produce a beneficial result. Furthermore, even with 

appropriate dosing and release kinetics, the short half-life of proteins once in situ results in 

only a transient effect with long-term benefits stemming from the initial cascade provided by 

the delivered factors. Similarly, growth factors needed at later time points of bone 

regeneration may not provide their full therapeutic value if delivered early. To circumvent 

these issues, various groups have studied whether forced gene expression via direct gene 

delivery or implantation of cells genetically-modified to overexpress the target protein to 

maintain sustained levels of target protein expression can induce both a vasculogenic and 

osteogenic response within critically-sized defects.

Genetic engineering of bone tissue generally follows two strategies: a) in vivo delivery of 

viral constructs or b) ex vivo genetic modification of cells followed by implantation within 

the defect [127]. Common gene targets included BMP2 and BMP4 as well as the 

osteoblastic transcription factor Runx2 [128–133]. For example, Baltzer and colleagues 

demonstrated that injection of adenoviral vectors carrying BMP2 cDNA enhanced bone 

regeneration as well as the mechanical properties of the newly formed bone in a critically-

sized femoral defect in rabbits compared to control vectors [134]. Whereas exhibiting 

promising results, the delivery of viral vectors poses considerable risks related to safety and 

immunogenicity and the lack of controlled expression prompting groups to investigate using 

either a scaffold to sequester the viral vectors or non-viral vectors such liposomes or 

delivery of plasmid DNA [135–137]. Alternatively, positive results in terms of bone healing 

have been obtained by delivering genetically modified cells to overexpress various forms of 

BMP. An excellent review of these strategies has been published elsewhere [138].

While BMPs are known to play a vasculogenic role through their cross-talk with endothelial 

cells and osteoblasts, it is unclear whether genetically-mediated overexpression of these 

growth factors near bone injury results in early vascular repair or alleviates the ischemic 

environment. Given the potent angiogenic effects of VEGF as well as earlier studies 

demonstrating that a continuous supply of exogenous VEGF delivered through an osmotic 

pump can increase bone healing in a critically-sized defect, genetic-modification to increase 

the long-term delivery of VEGF has been explored [27]. Geiger and colleagues implanted a 

gene-activated matrix (GAM) loaded with plasmids encoding for VEGF into a radial defect 

within rabbits [139]. In vitro, these plasmids displayed a moderate transfection efficiency 

with increased VEGF secretion from osteoblasts exposed to the VEGF-encoding plasmid. In 

vivo, in addition to showing increased bone healing at 6 and 12 weeks post-surgery 

compared to GAMs loaded with control vectors, the group also noted an increased blood 

vessel density in groups containing the VEGF-plasmid loaded GAMs. In lieu of a direct in 

vivo strategy, transducing MSCs to overexpress VEGF followed by in vivo implantation 

also shows promising results in terms of bone regeneration and vascular repair in critically-

sized defects [140–142].

In addition to VEGF, expression of other pro-angiogenic growth factors has been examined 

for bone tissue formation. Cao et al. investigated the use of stem cells modified to 
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overexpress angiopoietin-1 (ANGPT1) in the repair of critically-sized defects [143]. 

ANGPT1 acts to stabilize blood vessels and promotes circumferential growth effectively 

thickening vessel walls [144]. After VEGF destabilizes existing vessels in order for capillary 

sprouting to occur, ANGPT1 promotes stabilization of new vessels by enhancing integration 

of endothelial cells to their surrounding environment. Even without proper temporal control, 

radial defects in rabbits receiving MSCs lentivirally transduced to express Ang1 exhibited 

higher levels of bone formation as well as increased mechanical strength of the regenerated 

bone compared to groups receiving MSCs transduced to express GFP. Although it does not 

directly induce osteogenic differentiation, Ang1 stabilizes nascent blood vessels infiltrating 

into the defect and prevents capillary recession to support proper bone formation. MSC-

mediated constitutive expression of HIF1A, an important transcription factor upregulating 

various angiogenic proteins including VEGF and angiopoietins, also exhibits similar 

increases in the osteogenic and vasculogenic potential in repairing critically-sized defects 

[145].

4. Engineering Biomaterials for Enhancing Vascularization in Bone Repair

The majority of research endeavors intent on increasing vascularization and osteogenesis in 

bone defects focus on delivery of therapeutic proteins and genes as well as cells to enhance 

the healing response. Nevertheless, a key component of these strategies is the biomaterial 

through which these factors are delivered. Representing more than just a delivery vehicle, 

scaffolds can provide mechanical stability to a bone defect which can dynamically affect 

revascularization. Boerckel et al. discovered that fixation plates allowing early mechanical 

loading onto an implanted construct adversely affected vascular volume and connectivity 

compared to fixation plates that limited load transfer [146] (Figure 3). Additionally, 

biomaterials have the ability to interact synergistically with their embedded factors through 

innovative engineering approaches to further the vascularization response. The following 

sections will provide a discussion of how novel biomaterial engineering strategies can be 

applied to reparation of vascular networks in bone tissue constructs. (Figure 4)

4.1 Role of Biomaterials in Delivering Angiogenic and Osteogenic Growth Factors

The effectiveness of therapeutic proteins depends heavily in the spatial and temporal 

microenvironmental concentrations of the protein(s). This delivery profile in turn is 

controlled by the total dose incorporated within a material, the kinetics of release, and the 

persistence and stability of the protein. In most therapies, including those in which 

therapeutic proteins are absorbed or incorporated into materials without any covalent or 

affinity-mediated tethering, release kinetics are defined by non-specific interactions between 

the protein and the material. Scaffold porosity, adsorption parameters, and affinity to the 

scaffold control the release of these proteins. In this sense, the kinetics of protein release can 

be thought of as a ‘materials-driven process’ with the advantage being that one can precisely 

engineer a material, by regulating pore size for example, to fit a distinct release profile. The 

issue, however, is that this process is independent on the particular protein-material pair and 

the surrounding biological environment. To engineer biomaterials to effectively deliver 

therapeutic proteins, it may be beneficial to consider how these growth factors are typically 

presented in tissue repair.
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Following vascular injury, platelets, neutrophils, and macrophages respond to the injury and 

lay down a provisional fibrin-rich matrix with embedded growth factors [147]. As matrix 

metalloproteinases (MMPs) work to degrade this provisional matrix, ECM-bound growth 

factors are released and dictate the appropriate course of action for surrounding cells to heal 

the wound and revascularize the region [148]. It is this spatiotemporal control of MMP 

activity followed by the spatial regulation of growth factor concentration by ECM 

degradation and presentation that, among other factors, controls proper wound 

revascularization. Mimicking this ECM-embedding strategy can prove useful in aptly 

controlling angiogenic growth factor presentation within bone defects.

A ground-breaking study by Hubbell and colleagues demonstrated the engineering of a 

completely synthetic scaffold in which BMP2 had been entrapped within an MMP-sensitive 

hydrogel and used to regenerate bone within an orthotopic model [149]. In vitro, hydrogels 

exhibited BMP2 release kinetics which were highly dependent on gel degradation with 90% 

of the protein being retained in a saline solution whereas addition of the proteolytic MMP-2 

induced 100% protein release. BMP2-loaded MMP-sensitive hydrogels also exhibited 

significantly higher bone healing in rat calvarial defects compared to hydrogels without 

MMP-sensitivity as well as those without BMP2. Further work has even shown that MMP-

sensitive BMP2-loaded synthetic hydrogels exhibit higher bone regeneration in a critically-

sized defect compared to the current clinical standard of a BMP2 loaded absorbable collagen 

sponge [39]. This biomaterial platform has also been used for vascularization applications 

through incorporation of angiogenic proteins [150, 151]. Covalently conjugating VEGF onto 

a PEG-diacrylate matrix results in increased tubule formation by endothelial cells cultured 

on top of the gels compared to conditions with VEGF in the media indicating the importance 

of controlled growth factor presentation [152]. In vivo, delivering VEGF through covalent 

tethering to a protease-degradable PEG-maleimide matrix increases therapeutic re-

vascularization in both hind limb ischemia and myocardial infarction models [153, 154] 

(Figure 5). Importantly, the VEGF-incorporated matrix increases the survival and function 

of transplanted islets thus showing promise for other cellular therapies [155].

A conceptually different strategy but one that still relates to the controlled presentation of 

growth factors is that of tethering heparin or other growth factor binding domains onto 

implantable materials. A highly negatively charged sulfated molecule, heparin exhibits the 

ability to bind to numerous angiogenic and osteogenic growth factors including VEGF, 

FGF, PDGF, and BMP2 through their heparin-binding domains. Scaffolds containing the 

covalently-bound heparin attempt to mimic the ECM by controlling the presentation and 

activity of growth factors through an affinity-based system [156, 157]. Heparin-bound 

BMP2 has been shown to induce elevated levels of ALP activity and increase proliferation 

in C2C12s compared to soluble BMP2 [158]. Taking a step further, certain materials can be 

chemically sulfated in order to bind to growth factors with the same or even higher affinity 

as heparin itself with sulfated alginate exhibiting enhanced FGF2-mediated vasculogenesis 

in vivo [159]. In lieu of heparin, Hubbell’s group has pioneered the use of short protein 

fragments having precisely controlled cell and growth factor binding sites. By engineering a 

recombinant fibronectin fragment to contain fibrin-binding, integrin-binding and growth-

factor binding sequences, Martino et al. demonstrated that delivery of this fragment within a 

fibrin construct along with nominal levels of BMP2 and PDGF-BB significantly increased 
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bone healing in a rat calvarial defect compared to fibrin constructs lacking the protein 

fragment [160]. Additionally, delivering VEGF and PDGF-BB within fragment-

functionalized fibrin matrices enhanced skin wound healing in diabetic mice through 

increased angiogenesis. Further work in this area has resulted in isolation of a domain found 

on placenta growth-factor-2 that binds strongly to ECM proteins [161]. Inclusion of this 

domain onto VEGF, PDGF-BB, and BMP2 resulted in increased angiogenesis in an induced 

murine skin wound as well as elevated bone healing in a calvarial defect.

In addition to tissue-demanded kinetics control, covalently or affinity-based tethering of 

growth factors can potentially increase their half-lives compared to their unconjugated form, 

although this is system-dependent on the site of immobilization and the ability for 

interactions to still exist with specific epitopes [162–164]. To date however, no study has 

investigated materials in which controlled, tissue-demanded release of angiogenic growth 

factors have been applied in the context of bone regeneration leaving the field open to 

further materials engineering.

4.2 Role of Biomaterials in Delivering Stem Cells

While delivering cells and specifically stem cells has garnered an incredible amount of 

interest in the field of bone tissue engineering, multiple key issues including that of cell 

survival, proliferation and long-term engraftment remain to be addressed. Various groups 

have shown that within one week after orthotopic transplantation, there is a significant loss 

of cells [66, 165–168]. Additionally, histological analysis up to 4 weeks post implantation 

shows no presence of transplanted MSC markers indicating that much of the healing 

response imparted by the delivered cells is limited to transient paracrine signaling [167, 

169]. Increasing MSC and endothelial cell survival within scaffolds could thus potentially 

increase the duration and activity of their associated osteogenic and vasculogenic cues in 

non-healing defects. An ischemic environment coupled with the lack of an early vascular 

network providing needed nutrients has been shown to be the main causes of implanted cell 

death [170, 171]. While the various strategies outlined here, including scaffold-based growth 

factor delivery and gene therapy, have attempted to increase cell survival, in large bone 

defects, the speed at which vascularization can invade and perfuse the scaffold may not be 

fast enough to prevent the cell death that occurs within days of implantation. To help 

prevent this cell death, rather than just being used as carriers, biomaterials themselves can be 

engineered in two specific ways: 1) to sustain cellular viability while a vascular network 

forms and 2) to interact directly with encapsulated cells to increase vasculogenic cues.

To sustain cellular viability before a vascular network can adequately form, biomaterials 

need to provide a crucial factor: oxygen. Various groups have addressed this concern 

through the use of oxygen-generating biomaterials. Oxygen generation is done by 

implanting materials infused with solid inorganic peroxides such as sodium percarbonate, 

calcium peroxide or magnesium peroxide [172]. Interaction of these inorganic solids with 

water ultimately generates oxygen through a hydrogen peroxide intermediary. Harrison et al. 

synthesized a PLGA film which incorporated an oxygen-generating compound, sodium 

percarbonate, and demonstrated that implantation of this film over a murine skin flap 

decreased tissue necrosis and cell apoptosis over the course of one week [173]. Follow-up 
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studies using this material resulted in a 3D scaffold that generated considerable levels of 

oxygen up to ten days following synthesis [174]. Calcium peroxide has also been included 

within scaffolds and through its oxygen-generating capacity, has been shown to increase the 

metabolic activity and viability of encapsulated beta cells [175] (Figure 6). It is important to 

emphasize that these oxygen-generating compounds use a hydrogen peroxide intermediary 

which in high concentrations is harmful to encapsulated cells and the surrounding tissue; 

concentrations of starting peroxides and kinetics of reaction need to be controlled.

In addition to sustaining cellular viability, it is crucial for biomaterials to interact with 

embedded cells to increase their vasculogenic potential. Integrin binding is one of the 

primary ways through which the extracellular environment, including biomaterials, can 

influence cellular behavior [176, 177]. These transmembrane receptors consisting of alpha 

and beta subunits bind to extracellular ligands and mediate the attachment of cells to 

surfaces [178]. In addition, once activated, they are responsible for multiple signaling 

cascades which can decide cell fate [179]. Activation of different ligands is known to elicit 

different phenotypic responses and many studies have investigated how small synthetic 

peptides activating single integrins can increase the vasculogenic potential of endothelial 

cells. Modifying materials with the laminin derived peptide ‘YIGSR’ increases endothelial-

specific adhesion, proliferation and migration compared to interactions with the ubiquitous 

‘RGD’ ligand alone [180–182]. Binding of the α4β1 integrin through the fibronectin-derived 

synthetic peptide ‘REDV’ increases endothelial cell adhesion and proliferation, indicating a 

possible use of materials engineered to activate this integrin for vascularization purposes 

[183, 184]. Additionally, engineering a material to support a pro-vasculogenic phenotype 

could entail growth factor tethering in which case many of the engineering parameters from 

the previous section could be applied. Immobilization of VEGF into biomaterials enhances 

viability and proliferation of endothelial cells compared to freely soluble growth factors 

[152, 185]. While modifying materials for increased vasculogenic potential has provided 

needed insight, these systems are limited to in vitro studies and it will be important to test 

whether these same concepts apply in animal models.

5. Conclusion and Future Outlook

Because its resilient nature, bone holds the remarkable ability to repair itself in cases of 

minor fractures. Following a bone injury, a cascade of events occurs to repair the tissue 

including recruitment of inflammatory cells, vascularization, and callous formation which 

ultimately allow for mineralization and bone remodeling. In large bone defects however, this 

repair is hampered and endogenous processes are unable to bridge the bone gap thus 

requiring the need for outside therapy. In recent years, rapidly creating a vascular network 

has become evident as a crucial factor for successful bone healing in these therapies. To that 

end, various different strategies have been explored including growth factor delivery, cell 

delivery and gene therapy or a combination of the three. While the majority of studies have 

focused on addition of these agents to scaffolds, it is important to recognize the role of 

biomaterials themselves in aiding bone regeneration. Rather than just acting as a carrier, 

biomaterials can be engineered to mimic the natural ECM through specially designed 

methods of presenting growth factors as well as directing cell fate and cell behavior. 

Tethering growth factors through either covalent or affinity-based interactions as well as 
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creating absorbable materials through protease-cleavable bonds can create a more ECM-like 

environment for surrounding cells to recognize and aid in healing. Additionally, engineering 

biomaterials to present cell-specific ligands on surfaces could direct cell fate and behavior 

granting further control over healing even after implantation.

An important factor in any of these therapies is whether or not implementation is clinically 

feasible. Growth factor delivery is arguably the most feasible to implement due to the ease 

of storage and manufacturing compared to other methodologies. The FDA-approved therapy 

INFUSE for example consists of an absorbable collagen sponge soaked in a recombinant 

human BMP2 solution. The growth factor is relatively easy to manufacture and purify due to 

well-established molecular biology techniques and simple to ship and store in a lyophilized 

or reconstituted form. In contrast, cellular therapies require extensive screening and 

carefully controlled GMP-environments for expansion of the cells driving up costs for both 

companies and patients. Additionally, the safety of these cellular therapies, especially those 

containing stem cells, have not been fully elucidated and constitutes the objective of 

multiple phase I/II clinical trials. Ex vivo gene therapy suffers from the same drawbacks as 

unmodified cell delivery and has even greater obstacles to overcome. In addition to 

screening and expansion of cells to clinically relevant numbers, strict protocols must be in 

place to genetically modify and subsequently purify the cell population to acceptable levels. 

In vivo gene therapy can bypass these obstacles but poses considerable safety concerns 

regarding the concentration of virus or plasmid-mediated scaffolds. The clinical relevance of 

therapies must however be balanced by the efficacy of their treatment and therapies that 

show considerable bone repair will need to find avenues to get to the clinic. Ultimately, it is 

these new approaches or a combination of them along with characteristics of the 

biomaterials scaffold itself that will dictate the healing and vascularization response and 

translate into the next wave of therapeutics for critical-size bone defects.
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Figure 1. 
Current biomaterial-based strategies for inducing vascularization of a critically-sized bone 

defect
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Figure 2. 
Bioluminescence imaging of Renilla reniformis (RLuc) luciferase under transcriptional 

control of the cytomegalovirus promoter and PLuc under transcriptional control of the 

human osteocalcin promoter in transduced human adipose-derived mesenchymal stem cells. 

Cells were seeded within fibrin matrices and implanted in a 3 mm calvarial defect in SCID 

mice. A) Representative bioluminescence images showing RLuc (top row) and PLuc 

(bottom row) intensities. Color bars indicate light intensities from RLuc (black=low; 

blue=high) and PLuc (blue=low; red=high) B) Quantification of the bioluminescence signal 

under the constitutive promoter RLuc normalized to day 1. C) Quantification of the 

bioluminescence signal under the osteocalcin promoter PLuc normalized to RLuc. While 

osteocalcin signal increases at 2 and 3 weeks, the total amount of cell signal decreases after 

week one in immunocompromised mice. Adapted from Vila et al [66].
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Figure 3. 
MicroCT angiography of a femoral bone defect treated with rhBMP2 and stabilized with 

fixation plates that were either locked together to prevent all modes of load transfer (stiff) or 

unlocked to allow transfer of compressive loads along the bone axis (compliant) at 3 weeks 

post-surgery. A) Representative 3D reconstructions of vascular networks in total or defect 

region volume of interest. Scale bar= 1 mm B,C) Vascular volume in total and defect 

volume of interest, respectively D,E) Vascular connectivity in total and defect volume of 

interest, respectively. Compliant fixations allowing transfer of mechanical loading exhibited 

significantly reduced vascular connectivity compared to stiff fixtures. Adapted from 

Boerckel et al. [146]

García and García Page 31

Drug Deliv Transl Res. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Novel biomaterial strategies that hold potential for applications in vascularized bone tissue 

engineering
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Figure 5. 
Blood vessel labelling and quantification following staining of FTIC-conjugated isolectin b4 

from myocardial tissue following a myocardial infarct. A) Representative images 

(isolectin=green; DAPI=blue; scale bar=30 µm) of rats having either ischemic reperfusion 

by itself or with delivery of hepatocyte growth factor (HGF) and VEGF from either bolus 

injection or incorporated within a PEG-maleimide matrix B) Quantification showing 

increased blood vessel area in PEG/VEGF groups compared to ischemic reperfusion alone 

and PEG/HGF/VEGF compared to PEG/VEGF and ischemic reperfusion alone. 
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Interestingly, there is no difference between bolus growth factor delivery coupled with 

ischemic reperfusion and reperfusion alone. Adapted from Salimath et al. [154]
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Figure 6. 
Increased pancreatic beta cell viability and metabolic activity over 3 weeks under low 

oxygen conditions when incubated with calcium percarbonate containing PDMS disks. A) 

MTT metabolic activity and B) total DNA quantification. C) Representative images of live/

dead staining (green=live; red=dead) of pancreatic beta cells when incubated with or without 

PDMS-CaO2 materials. (Scale bar= 100 µm). Adapted from Pedraza et al. [175]
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