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Abstract

Vascularization of bone defects is considered a crucial component to the successful regeneration of 

large bone defects. Although vascular endothelial growth factor (VEGF) has been delivered to 

critical-size bone defect models to augment blood vessel infiltration into the defect area, its 

potential to increase bone repair remains ambiguous. In this study, we investigated whether 

integrin-specific biomaterials modulate the effects of VEGF on bone regeneration. We engineered 

protease-degradable, VEGF-loaded polyethylene glycol (PEG) hydrogels functionalized with 

either a triple-helical, α2β1 integrin-specific peptide (GFOGER) or an αvβ3 integrin-targeting 

peptide (RGD). Covalent incorporation of VEGF into the PEG hydrogel allowed for protease 

degradation-dependent release of the protein while maintaining VEGF bioactivity. When applied 

to critical-size segmental defects in the murine radius, GFOGER-functionalized VEGF-free 

hydrogels exhibited significantly increased vascular volume and density and resulted in a larger 

number of thicker blood vessels compared to RGD-functionalized VEGF-free hydrogels. VEGF-

loaded RGD hydrogels increased vascularization compared to VEGF-free RGD hydrogels, but the 

levels of vascularization for these VEGF-containing RGD hydrogels were similar to those of 

VEGF-free GFOGER hydrogels. VEGF transiently increased bone regeneration in RGD hydrogels 

but had no effect at later time points. In GFOGER hydrogels, VEGF did not show an effect on 

bone regeneration. However, VEGF-free GFOGER hydrogels resulted in increased bone 

regeneration compared to VEGF-free RGD hydrogels. These findings demonstrate the importance 

of integrin-specificity in engineering constructs for vascularization and associated bone 

regeneration.
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1. Introduction

Vascularization is a crucial factor in bone development as well as the repair of bone 

defects 1-3. In the developing skeleton, long bones are formed through endochondral 
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ossification which involves the invasion and sprouting of blood vessels into the intermediate 

cartilage tissue followed by osteoprogenitor cell migration and mineralization of the 

cartilaginous anlage 4. Blocking infiltration of blood vessels into cartilage causes enlarged 

hypertrophic zones associated with incomplete and delayed onset of ossification and 

suboptimal bone formation 5. In terms of bone repair, large bone defects arising from trauma 

or cancer resection suffer from poor vascularization and impaired healing 6. Co-induction of 

a tibial fracture and vascular injury in the form of hind limb ischemia in a mouse model 

increases the chances of a non-union compared to the fracture alone 7. Anti-angiogenic 

treatment to inhibit the initial revascularization response following a critical-size segmental 

defect also results in lower levels of bone formation and a higher prevalence of non-union 8. 

Although current gold-standard of autografts and allografts are extensively used in the clinic, 

these constructs are significantly limited by donor-site morbidity, supply, bioactivity and risk 

of infection 9. Additionally, the revascularization of these grafts remains limited without 

micro-surgical procedures which often results in high degrees of local tissue morbidity 10,11. 

Therefore, incorporating cues to augment the vascularization response can greatly enhance 

the efficacy of these treatments while diminishing their limitations.

Vascular endothelial growth factor (VEGF) has routinely been delivered to increase 

vascularization in vivo. By interacting with two main tyrosine kinase receptors, VEGFR1 

and VEGFR2, VEGF destabilizes existing blood vessel walls and allows endothelial cells to 

proliferate and migrate in the direction of highest VEGF concentration 12. VEGF is 

instrumental in bone development as blocking VEGF activity results in reduced 

angiogenesis, massive chondrocyte death and severely under-developed bone 13,14. However, 

in terms of bone repair, the efficacy of exogenous VEGF in increasing vascularization and 

associated bone regeneration remains ambiguous. One of the first studies utilizing VEGF for 

bone treatment demonstrated that continuous delivery of VEGF to a rabbit critical-size 

defect through an osmotic pump resulted in increased bone formation compared to no VEGF 

treatment 8. Subsequent efforts have focused on engineering scaffolds to deliver VEGF 

through more practical methodologies. VEGF incorporated into β-tricalcium phosphate and 

PLGA scaffolds increased blood vessel invasion and bone formation in critical-size 

defects 15,16. Other reports, however, have shown VEGF to induce minimal bone formation 

despite enhanced blood vessel formation 17-21.

Synergistic interactions between VEGF receptors and integrin adhesion receptors provide 

signals regulating vascularization. For example, blocking antibodies against the α2 subunit 

of the collagen-binding α2β1 integrin inhibits VEGF-dependent endothelial cell 

chemotaxis 22. Consistent with these results, deletion of the β1 integrin subunit using the 

Cre-lox system negatively impacts angiogenic sprouting 22. VEGF has also been shown to 

upregulate endothelial cell surface expression of α2β1 23. In addition to the α2β1 integrin the 

αvβ3 integrin plays a central role in angiogenesis and vascularization 24-26. While the 

mechanism of integrin-dependent angiogenesis remains unclear, antagonists to αvβ3 have 

been used to prevent abnormally active angiogenesis within tumors as activated endothelium 

within these environments exhibit greatly enhanced expression of αvβ3 27-31. Extensive 

cross-talk also exists between αvβ3 and VEGF as expression of VEGF is in part induced 

through αvβ3 ligation, clustering and association of the β3 subunit with phosphorylated p66 
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Shc 32. The β3 subunit is also involved in the activation of VEGFR2 in response to 

VEGF 33,34.

Because of the interplay between VEGF and integrins α2β1 and αvβ3, the objective of this 

study was to investigate whether presentation of integrin-specific peptides within a hydrogel 

in combination with exogenous VEGF modulates vascularization and bone formation in a 

murine segmental bone defect model. We synthesized protease-degradable poly(ethelyene 

glycol)-based hydrogels functionalized with VEGF and either the collagen I-mimetic α2β1-

targeting GFOGER peptide or the fibronectin-derived αvβ3-targeting RGD peptide. We then 

implanted these constructs within critical-size murine radial bone defects and evaluated 

blood vessel formation and newly formed bone tissue. Based on previous studies showing 

that GFOGER-functionalized biomaterials promote osteoblastic differentiation in vitro 35 

and enhance osseointegration of metal implants in rat tibiae 36, we hypothesized that VEGF-

functionalized GFOGER hydrogels would increase vascularization and subsequent bone 

regeneration compared to VEGF-functionalized RGD hydrogels.

2. Materials and Methods

2.1 PEG hydrogel synthesis and VEGF release kinetics

Four-arm maleimide-end functionalized PEG macromer (PEG-MAL 20 kDa MW, Laysan 

Bio, >95% purity) was functionalized with recombinant human VEGF-A165 (Invitrogen) 

for 15 min at room temperature in 10 mM HEPES buffer pH=7.4 followed by 

functionalization with either GFOGER peptide, GGYGGGP(GPP)5GFOGER(GPP)5GPC 

(AAPPTec), or RGD peptide (GRGDSPC) (AAPPTec). Functionalized macromers were 

cross-linked using the bi-cysteine peptide VPM (GCRDVPMSMRGGDRCG) (AAPPTec). 

The PEG-MAL hydrogels were synthesized to obtain a final concentration of 1.0 mM 

adhesive peptide and 10 μg/mL VEGF unless otherwise noted. The concentration of cross-

linker used for the synthesis of each hydrogel was calculated by matching the number of 

cysteine residues on the cross-linker to the number of residual maleimides on the PEG-MAL 

macromer following adhesive peptide and VEGF functionalization. Hydrogels were allowed 

to gel at 37°C for 15 min before swelling in PBS. For verification of VEGF tethering to the 

PEG-MAL macromer, the VEGF-PEG-MAL product was run on SDS-PAGE gel followed 

by protein visualization with Sypro Red (Life Technologies) staining.

To assess VEGF release kinetics, VEGF was labelled with NHS-AlexaFluor 488 (Life 

Technologies), purified, and incorporated into hydrogels as described. Hydrogels were 

incubated in either PBS or 50 μg/mL collagenase (Worthington Biomedical). At specified 

time points, supernatant was collected and analyzed for fluorescence.

2.2 Rheology

The storage and loss moduli of hydrogels were assessed by dynamic oscillatory strain and 

frequency sweeps performed on a MCR 302 stress-controlled rheometer (Anton Paar, 

Austria) with a 9 mm diameter, 2° cone and plate geometry. The hydrogels were synthesized 

as described and loaded between the cone and plate, after which the measuring system was 

lowered to a 39 μm gap. Initial strain amplitude sweeps were performed at an angular 
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frequency of 10 rad s-1 to determine the linear viscoelastic range of the hydrogel. Oscillatory 

frequency sweeps were then used to examine the storage and loss moduli (ω= 0.5-100 rad 

s-1) at a strain of 1%.

2.3 Bioactivity of PEGylated VEGF

Human umbilical vein endothelial cells (HUVECs, Lonza) were grown in complete 

endothelial growth media EGM-2 (Lonza). Cells were synchronized in growth factor-free 

basal media (EBM-2, Lonza) with 1% fetal bovine serum (FBS) for 8 hr followed by 

addition of soluble VEGF, VEGF-conjugated PEG-MAL macromer, or control (VEGF-free) 

media for 48 hr. Cell metabolic activity was measured using CellTiter 96 AQueous One 

Solution Cell Proliferation Assay (Promega). To assess the activity of endothelial cells on 

VEGF-functionalized hydrogels, GFOGER-modified hydrogels were synthesized with or 

without incorporated VEGF. HUVECs were seeded at 10,000 cells/cm2 and incubated for 4, 

8 or 15 hr. Samples were fixed in 3.7% paraformaldehyde, stained with AlexaFluor 488-

conjugated phalloidin and DAPI, and imaged on a Nikon C2 confocal microscope. 

Endothelial cell network length and cell numbers were quantified using a custom macro in 

ImageJ.

2.4 3D endothelial cell network formation

To study 3D endothelial cell network assembly, a co-culture of GFP-expressing HUVECs 

(Angioproteomie) and mouse embryo 10T1/2 cells (ATCC) was used. GFP-expressing 

HUVECs and 10T1/2 cells were encapsulated in PEG-MAL hydrogels presenting either 

GFOGER or RGD at final cell densities of 4 ×106 cells/mL for 10T1/2 cells and 15 ×106 

cells/mL for HUVECs. For gels containing VEGF, gels were incubated in EGM-2 media 

without supplemented VEGF. For gels synthesized without VEGF, gels were incubated in 

EGM-2 media with or without soluble VEGF. The cell-laden hydrogels were cultured for 48 

hr, rinsed, and fixed in 3.7% paraformaldehyde. GFP-expressing HUVECs were imaged on a 

Nikon C2 confocal microscope and 3D network formation analyzed using a custom ImageJ 

macro.

2.5 Bone defect surgery

A critical-size bone defect model in the mouse radius was used to evaluate bone formation 

as previously described 37. All animal experiments were performed with the approval of the 

Georgia Tech Animal Care and Use Committee within the guidelines of the Guide for the 

Care and Use of Laboratory Animals. C57BL/6J wild-type male mice (8-10 weeks old, 

Jackson Laboratories) were anesthetized under isoflurane and fur was removed from the 

right forelimb. Prior to surgery, mice were administered a single dose of slow-release 

buprenorphine for pain relief. The right forelimb was then swabbed with chlorohexidine and 

alcohol, and a 1.5 cm incision was made in the skin. Muscle tissue surrounding the ulna and 

radius was dissected away, and a 2.5 mm complete excision in the radius was made using a 

custom-built bone cutter. 3.0 μL of hydrogel was cast within a 4-mm long polyimide sleeve 

with 4 rows of laser machined holes spaced 200 μm apart to improve cell invasion and 

nutrient transport. This sleeve was used to hold the hydrogel within the defect, and we 

previously showed that the sleeve does not interfere with the bone healing process 37. The 

hydrogel-containing sleeve was then carefully inserted over the ends of the defect, the soft 
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tissue repositioned over the bone and the incision was closed using Vicryl sutures. Mice 

were monitored post-surgery for lethargy, weight loss, normal eating habits and signs of 

distress.

2.6 MicroCT angiography

Animals were euthanized by CO2 inhalation at 8 weeks post-surgery. Radiopaque contrast 

agent-enhanced microCT angiography was performed using a protocol modified from 

Phelps et al. 38-40. Briefly, an incision was made across the lower abdomen of the mouse 

followed by a continuing incision up the midline of the mouse exposing the entire abdominal 

cavity. The thoracic cavity was cut to carefully expose the heart. A butterfly needle was 

inserted into the left ventricle followed by cutting of the lower vena cava. Mice were then 

sequentially perfused with saline, 10% neutral buffered formalin, saline and lead chromate-

based radiopaque contrast agent at a 30:60:10 v/v mixture of MV-122 Yellow:MV-

diluent:MV curing agent (Microfill MV-122, Flow Tech). Samples were kept at 4°C 

overnight to allow the contrast agent to polymerize, and the forearms were then incubated 

for 72 hr in Krajian decalcification solution (Ricca Chemical), rinsed with PBS and scanned 

using a μCT50 scanning system (7 μm resolution, 55 kVp, 145 μA, Scanco Medical).

2.7 Immunohistochemistry

Following euthanasia by CO2 inhalation, the ulna and radius were excised and fixed in 10% 

neutral-buffered formalin, decalcified using Krajian decalcification solution, processed for 

paraffin embedding and embedded in paraffin wax. Sections (5 μm thick) were 

deparaffanized and incubated in antigen retrieval solution (10 mM sodium citrate buffer, 

pH=6.0) overnight at 60°C. Sections were then stained with either rabbit anti-endomucin or 

rat anti-CD31 antibodies overnight at 4°C followed by secondary staining with AlexaFluor 

488- and AlexaFluor 555-conjugated goat antibodies for 1 hr at room temperature. Sections 

were imaged on a Nikon C2 confocal microscope.

2.8 VEGF, FGF-2 secretion

Human mesenchymal stem cells (hMSCs, Texas A&M University) were grown in α-MEM 

containing 16% FBS, 2 mM L-glutamine, 100 U/mL penicillin and 100 μg/mL streptomycin. 

hMSCs were encapsulated in VEGF-free integrin-specific hydrogels at a concentration of 5 

×106 cells/mL and cultured for 24 hr in growth media. After 24 hr, the media was exchanged 

for osteogenic media (growth media with 10 nM dexamethasone, 20 mM Na-β-

glycerolphosphate, and 50 μM L-ascorbic acid 2-phosphate). After 7 days in culture, the 

conditioned media was collected and assayed for VEGF and FGF-2 levels using ELISA 

(Life Technologies, USA).

2.9 MicroCT imaging of bone formation

In vivo μCT imaging was performed on anesthetized mice using a VivaCT imaging system 

(Scanco Medical) at a voltage of 55 kVp and a current of 142 μA. Mice were centered such 

that the 2.5 mm radial defect was scanned within a 3.2 mm scan length window. Bone 

volume was evaluated as previously described 37. Briefly, 2D slices were contoured to solely 

include the radius followed by application of a Gaussian filter (sigma=1, support=1, 
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threshold= 540 mg HA/ccm). While 3D reconstructions displayed the full 3.2 mm scanned 

length, only the middle 2.0 mm of the defect was analyzed for bone volume.

2.10 Statistics

Error bars on graphs represent SEM. Comparisons among multiple groups was performed by 

one-way analysis of variance (ANOVA) with post-hoc Tukey tests. Comparisons between 

two groups were done through a t-test in GraphPad Prism 6. A p value of <0.05 was 

considered significant.

3. Results

3.1 Synthesis and characterization of VEGF-releasing PEG-MAL hydrogels

We engineered hydrogels based on a maleimide-functionalized 4-arm PEG macromer which 

allows for peptide tethering onto the polymer precursor via a Michael-type addition reaction 

between the terminal-maleimide group and free thiols present on the biomolecules. 

Subsequent reaction with bi-cysteine cross-linking peptides (VPM) containing a protease 

cleavage site resulted in the formation of a cross-linked PEG hydrogel network sensitive to 

protease degradation (Fig. 1A). Prior to cross-linking, the PEG-MAL macromer was 

functionalized with VEGF by reacting the cysteine available for conjugation on VEGF165 to 

the maleimide moiety on the PEG macromer 41. The VEGF-functionalized macromer was 

further reacted with either the RGD or GFOGER cell adhesion peptides in order to 

investigate the coupled effects of biomaterials-based VEGF delivery and integrin-specificity 

on vascularization and bone regeneration. By design, covalent incorporation of VEGF onto 

the hydrogel backbone provides for cell-demanded release of VEGF as the construct 

degrades. Covalent tethering of VEGF to the PEG-MAL macromer was verified through the 

expected increase in molecular weight for VEGF reacted with PEG-MAL macromer (Fig. 

1B).

To determine the kinetics of VEGF release from integrin-specific hydrogels in vitro, VEGF 

was fluorescently labelled and incorporated into RGD- or GFOGER-functionalized 

hydrogels. Hydrogels subjected to collagenase treatment degraded within the first 48 hr and 

released 100% of the incorporated VEGF (Fig. 1C). The high collagenase concentration 

used was selected to fully degrade the gel by 2-3 days; we expect slower in vivo protease-

dependent degradation kinetics. In contrast, hydrogels incubated in PBS remained intact and, 

following an initial burst release due to hydrogel swelling, retained approximately 70% of 

the loaded VEGF over a period of 5 days. The loss of approximately 30% of loaded VEGF 

is attributed to incomplete covalent tethering of VEGF onto the PEG-MAL macromer as 

shown by the low intensity band on the SDS-PAGE gel at the MW of unconjugated VEGF in 

the PEG-MAL + VEGF lane (Fig. 1B). To investigate whether adhesive peptide or VEGF 

incorporation influences the hydrogel's mechanical properties, we performed dynamic 

oscillatory rheological testing to assess the storage (G′) and loss (G″) moduli of the 

different hydrogel conditions (Fig. 1D). Importantly, no significant differences in moduli 

were detected among the hydrogel conditions tested (average storage and loss moduli equal 

to 160 ± 6.3 and 8.1 ± 0.69 Pa, respectively).
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3.2 Bioactivity of PEGylated and hydrogel-tethered VEGF

We next investigated the bioactivity of VEGF tethered to the PEG-MAL macromer. 

HUVECs cultured in media containing either PEG-MAL-conjugated or unmodified VEGF 

displayed similar dose-dependent responses in metabolic activity over the course of 48 hr 

(Fig. 2A). This result indicates that VEGF tethered to the PEG-MAL macromer retains 

bioactivity and that the PEG macromer does not interfere with VEGF-dependent signaling.

We further examined the bioactivity of VEGF tethered to hydrogels by assessing the 

proliferation and network formation of endothelial cells cultured on top of hydrogels with 

either soluble or tether VEGF. GFOGER-functionalized hydrogels supported cell adhesion 

regardless of VEGF incorporation (Fig. 2B). By 8 and 15 hr after seeding, endothelial cells 

adhering to VEGF-containing hydrogels exhibited elevated levels of network formation 

compared to hydrogels lacking VEGF (Fig. 2B,C). By quantifying the number of nuclei, we 

also found a significant increase in the number of endothelial cells on VEGF-containing 

hydrogels compared to VEGF-free gels (Fig. 2D). Taken together, these results show that 

tethering VEGF to the PEG-MAL macromer either in soluble form or after incorporation 

into a hydrogel network maintains the bioactivity of VEGF in regards to endothelial cell 

activity.

3.3 Integrin-dependent 3D endothelial cell tubulogenesis

After confirming the biological activity of PEGylated VEGF, we examined the effect of 

different integrin ligands in conjunction with VEGF presentation on the vasculogenic 

response to these materials. We used a model for 3D vascular tubulogenesis consisting of 

GFP-expressing HUVECs encapsulated with 10T1/2 cells, which act as a supporting 

pericyte-like cell, in hydrogels functionalized with either the GFOGER or RGD adhesive 

peptide. For both adhesive peptides, endothelial cells encapsulated within VEGF-free 

hydrogels and cultured in VEGF-free media exhibited minimal tubulogenesis as the cells 

remained largely rounded and failed to form protrusions to adjacent cells (Fig. 3A). In 

contrast, endothelial cells cultured in the presence of soluble VEGF in the media showed 

increased network formation in both RGD and GFOGER hydrogels (Fig. 3B). Importantly, 

VEGF-containing hydrogels cultured in VEGF-free media displayed enhanced endothelial 

cell-based network formation compared to hydrogels in VEGF-free conditions for both 

RGD- and GFOGER-functionalized hydrogels (Fig. 3B). For GFOGER-functionalized 

hydrogels, VEGF containing hydrogels exhibited similar levels of increased network 

formation compared to that of GFOGER-functionalized hydrogels cultured in VEGF-

containing media. VEGF-containing RGD-functionalized hydrogels displayed elevated 

network formation compared to RGD hydrogels in VEGF-free conditions and RGD 

hydrogels cultured in media with VEGF (Fig. 3B). Taken together, the data demonstrates 

that hydrogels containing VEGF induce similar levels of endothelial cell tubulogenesis in 
vitro compared to soluble VEGF present in the media. Furthermore, this increase in 

tubulogenesis is independent of the adhesive peptide presented in the hydrogel.

3.4 Effects of integrin specificity and VEGF incorporation on vascularization

We evaluated the potential of VEGF-functionalized hydrogels presenting integrin-specific 

peptides to enhance vascularization in a murine critical-size radial bone defect model. We 
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tested two different VEGF doses (50 and 250 ng, referred to as low and high doses, 

respectively) as well as hydrogels lacking VEGF (0 ng) for both RGD and GFOGER-

functionalized hydrogels. Hydrogels were implanted into 2.5 mm long unilateral murine 

radial defects and evaluated for vascular morphometric parameters within the bone defect 

area at 8 weeks via micro-computed tomographic (microCT) analysis of a perfused 

radiopaque polymer (Fig. 4A). Importantly, this technique measures functional vasculature 

connected to the host vasculature as the radiopaque polymer is perfused through the left 

ventricle and exits out the inferior vena cava to perfuse the vasculature. VEGF-free, RGD 

hydrogels exhibited very low levels of vascularization (Fig. 4A). With low and high doses of 

VEGF, RGD hydrogels exhibited significantly increased vessel number as well as 

significantly decreased vessel spacing denoting a higher density of vessels for both VEGF 

doses (Fig. 4C-D). Low doses of VEGF also significantly increased the total blood vessel 

volume and resulted in higher frequency of both small diameter (25-50 μm) and larger 

diameter vessels (80-100 μm) compared to VEGF-free RGD hydrogels (Fig. 4B,E).

Remarkably, VEGF-free GFOGER hydrogels displayed significantly increased 

vascularization across all quantified parameters (vessel volume, number and spacing) 

compared to VEGF-free RGD hydrogels (Fig. 4B-D). The levels of vascularization present 

within VEGF-free GFOGER hydrogels were equivalent to those of VEGF-containing RGD 

hydrogels. Furthermore, at high VEGF doses, while GFOGER and RGD hydrogels showed 

similar levels of vascular number and spacing, GFOGER hydrogels demonstrated elevated 

levels of total vascular volume compared to those of RGD hydrogels. The high levels of 

vascularization exhibited in GFOGER hydrogels were insensitive to delivery of either dose 

of exogenous VEGF as shown by the equivalent levels of vessel volume, spacing, and 

number (Fig. 4B-D). Whereas no differences were seen in these parameters, high doses of 

VEGF did increase the frequency of larger diameter vessels for GFOGER hydrogels 

compared to VEGF-free and low VEGF dose conditions (Fig. 4F). Taken together, the 

microCT vascular analysis shows that for growth-factor free conditions, RGD hydrogels 

result in poor vascularization; however, addition of VEGF to these hydrogels increases 

vascularization of these bone defects. In contrast, GFOGER hydrogels show elevated levels 

of vascularization regardless of delivery of exogenous VEGF. The observation that VEGF-

free GFOGER hydrogels show significantly increased vascularization compared to VEGF-

free RGD hydrogels and similar levels of vascularization compared to low dose VEGF-

delivering RGD hydrogels emphasizes the importance of integrin-specificity in these 

biomaterials. By simply functionalizing scaffolds with differing integrin-specific ligands, 

robust increases in vascularization can be achieved.

We also performed immunostaining for CD31 and endomucin, which are specific markers 

for endothelial cells within capillary networks 42 (Fig. 5). RGD hydrogels having low and 

high doses of VEGF exhibited increased levels of CD31 and endomucin staining compared 

to VEGF-free RGD hydrogels. The staining also showed the presence of larger diameter 

vessels in the low dose group compared to the high dose group and VEGF-free gels, in 

agreement with the microCT vascular analyses. GFOGER hydrogels displayed robust 

staining for CD31 and endomucin independent of the VEGF dose. The histological analysis 

is fully consistent with the microCT results showing VEGF dose-dependent increases in 

endothelial markers for RGD hydrogels and no VEGF-dependence in GFOGER hydrogels, 
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underscoring the importance of integrin-specificity in the vascularization response to these 

biomaterials.

3.5 Effects of integrin-specificity on vasculogenic protein secretion by hMSCs

A major finding from the in vivo vascularization study is the enhancement in vascularization 

for defects treated with GFOGER-functionalized hydrogels compared to RGD-presenting 

gels. The network formation assay showed no differences in endothelial cell tubulogenesis 

between these two integrin-specific ligands (Fig. 3). Therefore, we investigated whether 

integrin binding specificity could influence the vasculogenic potential of non-endothelial 

cells such as mesenchymal stem cells (MSCs). During bone repair, MSCs secrete paracrine 

factors that increase the recruitment and proliferation of endothelial cells to form functional 

neovessels 43,44. Due to the influx of MSCs and osteoprogenitors immediately after bone 

injury 45, we speculated that differential integrin binding could result in differences in 

secreted factors by MSCs. We thus investigated the effect of integrin-specificity on the 

secretion of angiogenic proteins from MSCs encapsulated within GFOGER or RGD-

functionalized hydrogels. Integrin-specific hydrogels containing human MSCs were cultured 

in osteogenic media for 7 days after which the conditioned media was analyzed for VEGF 

and FGF-2 levels. Conditioned media from GFOGER hydrogels showed a significantly 

elevated concentration of VEGF when compared to that of RGD hydrogels (Fig. 6A). The 

GFOGER-dependent upregulation in angiogenic factor secretion was specific to VEGF, as 

secretion of FGF-2 was below the limit of detection of the assay for both GFOGER and 

RGD hydrogels (Fig 6B). These results demonstrate that MSCs cultured within hydrogels 

presenting the α2β1-specific GFOGER secrete higher levels of VEGF compared to that of 

MSCs cultured in RGD hydrogels. This finding provides an explanation for the 

enhancements in vascularization observed in bone defects treated with GFOGER-

functionalized hydrogels compared to defects treated with RGD-presenting hydrogels.

3.6 Effect of VEGF-delivering hydrogels on bone repair

We next analyzed the effects of VEGF delivery within integrin-specific hydrogels on the 

repair of non-healing bone defects. Hydrogel conditions and surgical procedures were 

consistent with the vascularization study, and bone healing was evaluated by microCT at 4 

and 8 weeks post-surgery. Bone defects treated with VEGF-free GFOGER-modified 

hydrogels exhibited 3-4 fold higher bone volume compared to those treated with VEGF-free 

RGD-modified hydrogels at 4 and 8 weeks post-surgery (Fig. 7B,D). For GFOGER 

hydrogels, VEGF had no significant effect on bone formation at 4 and 8 weeks post-surgery, 

consistent with the vascularization analyses. For RGD hydrogels, low doses of VEGF 

significantly increased bone volume at 4 weeks, whereas high doses of VEGF showed 

similar levels of bone volume compared to VEGF-free RGD hydrogels. However, by 8 

weeks post-surgery, there were no differences among VEGF-containing and VEGF-free 

RGD hydrogels (Fig. 7B,D). These results demonstrate that in VEGF-free conditions, 

GFOGER hydrogels exhibit significantly increased bone formation compared to RGD 

hydrogels. Additionally, although increases in vascularization are noted, especially within 

RGD hydrogels, delivery of exogenous VEGF does not enhance bone repair in this murine 

critical-size defect for either integrin-specific hydrogel.

García et al. Page 9

J Biomed Mater Res A. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4. Discussion

Non-healing bone defects and fractures represent a serious clinical problem with over 1 

million surgical procedures necessitating bone grafts performed annually in the USA alone 

and costing over $5 billion 46. While the creation of a functional vascular network is 

considered a crucial factor in successful regeneration of bone defects, it is still unclear 

whether delivery of vasculogenic factors such as VEGF enhances bone repair 8,16,17,47. 

Additionally, while the role that integrins play in the progression of angiogenesis in tumors 

has been of particular interest recently 48, the ability of integrin binding to direct 

vascularization in the context of biomaterial-directed tissue repair has not been investigated. 

In this study, we examined whether incorporation of VEGF into synthetic hydrogels 

functionalized with either the α2β1 integrin-targeting GFOGER ligand or the RGD peptide 

that mainly binds to αvβ3 integrin modulates both the vascularization and bone regeneration 

of critical-size bone defects.

Controlled and sustained delivery of VEGF constitutes an important parameter in the design 

of the hydrogel. In the strategy described here, VEGF is covalently tethered to the hydrogel 

precursor thus allowing for high retention efficiency once cross-linked. The protease-

sensitive nature of the cross-linked material provides for controlled release of VEGF based 

on cell-mediated invasion and degradation of the hydrogel. Another crucial parameter when 

designing a growth-factor based release system is retaining the biological activity of the 

protein. For delivery vehicles based on the encapsulation of proteins within solid matrices 

such as microparticles, the bioactivity of the protein is likely reduced 49. In the described 

system, VEGF remains in a hydrated state throughout gelation. Furthermore, the conjugation 

of the PEG macromer to free thiols within VEGF does not affect the protein's biological 

activity as endothelial cells exhibited heightened 3D network formation when encapsulated 

within VEGF-tethered hydrogels compared to those in VEGF-free conditions.

Whereas no differences were observed for in vitro endothelial network formation between 

integrin-specific hydrogels, significant differences were observed in the vascularization of 

bone defects in vivo for hydrogels presenting different adhesive peptides. For VEGF-free 

conditions, GFOGER-functionalized hydrogels exhibited significantly increased vascular 

volume and density compared to RGD-functionalized hydrogels. This difference may be 

attributed to multiple factors. Activation of the α2β1 integrin has been reported to increase 

osteogenic activity resulting in increased pro-angiogenic signals as osteoblasts and 

osteoprogenitors secrete large quantities of VEGF to support the survival and proliferation 

of surrounding endothelial cells 50-52. This observation potentially explains the findings that 

VEGF-free GFOGER-functionalized hydrogels produce higher bone regeneration in vivo 
compared to VEGF-free RGD-functionalized hydrogels. Additionally, while the αvβ3 

integrin has often been implicated in angiogenesis, more recent studies have shown that the 

role of this integrin in vascularization is context-dependent 53. Depending on the 

environment, cell type, and which molecules the integrin interacts with, the αvβ3 integrin 

can play either a pro- or anti-angiogenic role 54-56.

For hydrogels incorporating VEGF, RGD hydrogels exhibited increases in blood vessel 

volume, number and density within the bone defect area compared to VEGF-free controls. 
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This result is consistent with the well-established cross-talk between the β3 integrin subunit 

and VEGFR2. Mutation of the cytoplasmic tail of the β3 integrin results in impaired 

interactions with VEGFR2 which leads to inefficient phosphorylation of the dimerized 

VEGFR2 complex 33. Downstream activation of FAK and JNK signaling pathways from 

VEGFR2 activity is also dependent on the co-activation of the αvβ3 integrin 57. The ability 

for RGD hydrogels to activate the αvβ3 integrin could thus cause heightened sensitivity to 

the presence of VEGF within the defect microenvironment. In contrast, the level of 

vascularization for GFOGER-functionalized hydrogels was independent of VEGF dose, with 

VEGF-free as well as low and high doses of VEGF exhibiting high levels of vascularization. 

Notably, when MSCs were encapsulated within GFOGER hydrogels in vitro, the cells 

exhibited increased secretion of VEGF compared to those encapsulated within RGD 

hydrogels. This finding provides an explanation as to why in vivo vascularization in 

GFOGER hydrogels was elevated and insensitive to exogenous VEGF as the interaction 

between the hydrogel and invading MSCs may provide abundant levels of endogenous 

VEGF. Overall, the finding that VEGF-free, GFOGER hydrogels show elevated levels of in 
vivo vascularization compared to VEGF-free, RGD hydrogels and similar levels of 

vascularization compared to VEGF-containing RGD hydrogels is noteworthy. The ability for 

integrin-specificity alone to instruct and guide levels of vasculogenesis and regulate 

biological activity of vasculogenic proteins highlights the importance of exploiting integrin-

specificity in regenerative medicine applications. With the expensive and often significant 

regulatory issues associated with growth factor therapies, the ability to engineer scaffolds to 

reduce or completely eliminate the need for growth factors through simple functionalization 

techniques can greatly enhance the clinical efficacy of future regenerative medicine 

constructs.

In addition to differences in vascularization for the integrin-specific hydrogels, integrin 

specificity also played a role in the regeneration of bone within the critical-size defects. 

VEGF-free, GFOGER-functionalized hydrogels exhibited higher bone repair at both 4 and 8 

weeks in comparison to VEGF-free RGD-presenting hydrogels. Addition of VEGF, 

however, had no effect on bone formation at 8 weeks indicating that exogenously delivered 

VEGF is not sufficient to repair critical-size bone defects in this model. This conclusion 

does not rule out an important role for VEGF in bone repair. On the contrary, endogenous 

VEGF is necessary for bone repair as treatment with VEGF blocking antibodies inhibits the 

healing of bone defects 8. Furthermore, mice lacking the VEGF165 and VEGF188 isoforms 

show abnormal vascular patterning along with significant decreases in trabecular bone 

volume and bone growth 58. However, in terms of delivering exogenous VEGF to regenerate 

bone defects, studies demonstrate conflicting results with some reports showing enhanced 

bone formation while others showing no effect after delivery of VEGF 15-18,59,60. The 

inconsistencies between these reports could be related to the in vivo model, scaffold, or 

delivery kinetics. Exploration into strategies utilizing VEGF in conjunction with other 

stimuli such as other growth factors (e.g., BMP-2), further scaffold engineering, cell therapy 

or gene therapy could enhance its effects.
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5. Conclusion

While endogenous VEGF is known to be essential to osteogenesis, the ability of 

exogenously delivered VEGF to significantly repair bone defects remains ambiguous. In this 

study, we investigated whether integrin-specific biomaterials could constitute a crucial, yet, 

up to now, unexplored role in vascularization and osteogenesis in bone defects. VEGF-free 

GFOGER-presenting hydrogels exhibited significantly increased vascularization and bone 

formation in a non-healing segmental bone defect compared to RGD-functionalized 

hydrogels. Furthermore, RGD-presenting hydrogels exhibited exogenous VEGF dose 

dependent increases in vascularization. Nevertheless, addition of VEGF to these hydrogels 

did not enhance bone repair in this bone defect model. This study demonstrates interplay 

between biomaterial integrin specificity and VEGF in tissue vascularization.
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Figure 1. 
Protease-degradable integrin-specific PEG-MAL hydrogels for degradation-dependent 

release of covalently-tethered VEGF. (A) Schematic detailing PEG-MAL synthesis, 

stoichiometric ligand functionalization and growth factor incorporation. (B) Gel 

electrophoresis of VEGF and PEG-MAL+VEGF demonstrating increased MW of VEGF 

tethered onto PEG-MAL macromer. (C) VEGF release profile from integrin-specific 

hydrogels treated in PBS or collagenase as measured through fluorescence (Mean ± SEM, 

n=4). (D) Rheological properties of integrin-specific hydrogels measured through storage 

and loss moduli from dynamic oscillatory frequency tests (Box-whisker plot show min-max, 

n= 6) N.S., not significant.
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Figure 2. 
Bioactivity of PEGylated VEGF. (A) Endothelial cell metabolic assay for VEGF vs. PEG-

MAL-VEGF (Mean ± SEM, n=6). (B) Images of endothelial cell networks on top of 

GFOGER-functionalized hydrogels either functionalized with (VEGF) or lacking VEGF 

(Control) over 15 hrs (Scale bar = 200μm, DAPI=cyan, F-actin=magenta). (C) 

Quantification of endothelial cell network length measured through custom ImageJ macro. 

(Mean ± SEM, n=4) (D) Quantification of endothelial nuclei count (Mean ± SEM, n=4) 

*p<0.05.

García et al. Page 17

J Biomed Mater Res A. 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 3. 
Integrin-specific hydrogels demonstrate VEGF-dependent increases in 3D endothelial cell 

network formation. (A) Projected Z-stack images of GFP-HUVECs cultured in either media 

containing VEGF, hydrogels containing VEGF or VEGF-free conditions for 3 days (scale 

bar = 200 μm). (B) Quantification of 3D network length in varying conditions (Mean ± 

SEM, n=5). *p < 0.05, **p < 0.01.
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Figure 4. 
Vascularization of bone defects. (A) Representative 3D reconstructions of vascular structures 

within the bone defect for different adhesive peptides and VEGF doses (scale bar = 200 μm). 

(B,C,D) Vascular volume, number and spacing in bone defect respectively. (E,F) Vascular 

diameter histogram indicating blood vessel size distribution. (Mean ± SEM, n=5-8) *p < 

0.05, **p < 0.01, ***p < 0.001.
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Figure 5. 
Representative images of endomucin and CD31 staining in bone defect samples (scale bar = 

50 μm).

García et al. Page 20

J Biomed Mater Res A. 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 6. 
hMSCs encapsulated within GFOGER-functionalized hydrogels exhibit enhanced secretion 

of VEGF compared to hMSCs encapsulated within RGD-functionalized hydrogels. (A,B) 

Quantification of VEGF or FGF-2 in the supernatant of hMSCs encapsulated within 

integrin-specific hydrogels in osteogenic differentiation conditions (Mean ± SEM, n=4). 

Dotted line indicates reliable limit of detection. *p < 0.05.
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Figure 7. 
Bone volume for bone defects treated with VEGF-containing hydrogels. (A,C) 

Representative 3D reconstructions of radial defect at 4 and 8 weeks respectively with 

differing ligand and VEGF doses (scale bar = 200 μm). (B,D) Quantification of bone volume 

of defects at 4 and 8 weeks respectively. (Mean ± SEM, n=7-9) *p < 0.05, **p < 0.01.

García et al. Page 22

J Biomed Mater Res A. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	1. Introduction
	2. Materials and Methods
	2.1 PEG hydrogel synthesis and VEGF release kinetics
	2.2 Rheology
	2.3 Bioactivity of PEGylated VEGF
	2.4 3D endothelial cell network formation
	2.5 Bone defect surgery
	2.6 MicroCT angiography
	2.7 Immunohistochemistry
	2.8 VEGF, FGF-2 secretion
	2.9 MicroCT imaging of bone formation
	2.10 Statistics

	3. Results
	3.1 Synthesis and characterization of VEGF-releasing PEG-MAL hydrogels
	3.2 Bioactivity of PEGylated and hydrogel-tethered VEGF
	3.3 Integrin-dependent 3D endothelial cell tubulogenesis
	3.4 Effects of integrin specificity and VEGF incorporation on vascularization
	3.5 Effects of integrin-specificity on vasculogenic protein secretion by hMSCs
	3.6 Effect of VEGF-delivering hydrogels on bone repair

	4. Discussion
	5. Conclusion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7

