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Abstract

Traumatic musculoskeletal injuries that result in bone defects or fractures often affect both bone 

and the surrounding soft tissue. Clinically, these types of multi-tissue injuries have increased rates 

of complications and long-term disability. Vascular integrity is a key clinical indicator of injury 

severity, and revascularization of the injury site is a critical early step of the bone healing process. 

Our lab has previously established a pre-clinical model of composite bonemuscle injury that 

exhibits impaired bone healing; however, the vascularization response in this model had not yet 

been investigated. Here, the early revascularization of a bone defect following composite injury is 

shown to be impaired, and subsequently the therapeutic potential of combined vascularization and 

osteoinduction was investigated to overcome the impaired regeneration in composite injuries. A 

decorin (DCN)-supplemented collagen hydrogel was developed as a biomaterial delivery vehicle 

for the co-delivery microvascular fragments (MVF), which are multicellular segments of mature 

vasculature, and bone morphogenetic protein-2 (BMP-2), a potent osteoinductive growth factor. 
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We hypothesized that collagen+DCN would increase BMP-2 retention over collagen alone due to 

DCN’s ability to sequester TGF-ß growth factors. We further hypothesized that MVF would 

increase both early vascularization and subsequent BMP-2-mediated bone regeneration. Contrary 

to our hypothesis, BMP+MVF decreased the number of blood vessels relative to BMP alone and 

had no effect on bone healing. However, collagen+DCN was demonstrated to be a BMP-2 delivery 

vehicle capable of achieving bridging in the challenging composite defect model that is 

comparable to that achieved with a well-established alginate-based delivery system.
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1. INTRODUCTION

Traumatic musculoskeletal injuries resulting in open fractures, which are characterized by 

concomitant soft tissue injury, represent a major clinical challenge. Cases of open fracture 

have a two-fold increased rate of complications including infection, delayed union, 

malunion, and nonunion compared to closed fractures [1]. These complications often lead to 

repeated surgical interventions that are still not able to avert long-term disability 7 years 

following injury [2]. One of the key clinical indicators of composite injury severity is 

vascular integrity; composite injuries that include vascular damage are considered the most 

severe [3]. We have previously established a pre-clinical rat model of composite bone-

muscle extremity injury that recapitulates the attenuation of bone healing seen clinically [4], 

and similar pre-clinical models have also observed impaired bone healing with concomitant 

muscle injury [5, 6]. However, the vascularization response following injury has not been 

previously investigated in the composite defect model.

Early revascularization is a critical step of the wound healing cascade, providing a transport 

mechanism for oxygen, pro-regenerative growth factors, and stem and progenitor cells [7]. 

When vascularization is impaired in fracture models, bone healing is also severely impaired 

[8, 9]. Osteoprogenitor cells migrate into the bone defect region along with nascent 

vasculature, and osteoprogenitor cells and endothelial cells participate in bidirectional 
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chemical signaling to stimulate growth [10]. As such, vascularization has been a promising 

target in bone regeneration, and many previous strategies have been employed including the 

co-delivery of osteogenic and angiogenic growth factors (e.g. bone morphogenetic protein-2 

(BMP-2) vascular endothelial growth factor (VEGF)) as well as mesenchymal stem cell 

(MSC) and endothelial cell delivery [11]. However, while some growth factor co-delivery 

strategies report an improvement in healing [12–14], others report only a temporary transient 

effect or no effect at all [15–18]. Although endothelial cell-based strategies have been shown 

to increase bone regeneration [19, 20], the resultant vasculature is often immature and leaky 

[21]. Another promising option is the use of microvascular fragments (MVF), which are 

multicellular segments of mature vasculature [22]. MVF are able to serve as a template for 

vascular growth and thus accelerate the establishment of vascular networks. Additionally, 

MVF retain vascular support cells and may therefore accelerate vessel maturation and 

patency. MVF form networks in vitro and have been previously shown to anastomose with 

host vasculature [23, 24] and increase tissue vascular volume [25] following implantation. 

Previous vascularization therapies without an osteoinductive factor have not improved bone 

healing [18, 26]. Therefore, we investigated the co-delivery of MVF with BMP-2, a potent 

osteoinductive growth factor.

Design criteria for a co-delivery biomaterial are the support of MVF growth and sustained 

BMP-2 release. MVF have typically been cultured in type I collagen gels, which support in 

vitro sprouting and network formation [22, 25]. However, collagen-based materials tend to 

have a burst release of BMP-2 [27], which necessitates supraphysiological dosing and can 

cause exuberant bone formation outside the defect site [28]. Biomaterials with a more 

sustained BMP-2 release profile, such as alginate, have shown improved healing compared 

to collagen sponge [29]. MVF are sensitive to their extracellular matrix [30, 31], and we 

have previously developed a decorin-supplemented collagen culture substrate that supports 

robust angiogenesis of MVF [32]. Decorin (DCN) is a small leucine-rich proteoglycan 

naturally found in connective tissue [33]. DCN alters collagen fibrillogenesis, which in turn 

affects the mechanical properties of collagen hydrogels [32, 34] and limits the cell-mediated 

contraction of collagen [32].This increased dimensional stability allows vessel networks to 

grow and exert traction forces without collapsing the collagen matrix. DCN has also been 

shown to sequester transforming growth factor ß (TGF-ß) family growth factors [35, 36], 

such as BMP-2, which may allow for a more sustained release as compared to collagen 

alone.

Here, we first investigated the early revascularization response of an established model of 

composite bone-muscle injury. Since the model recapitulates the impaired bone healing 

observed clinically, we hypothesized that early vascularization, a key clinical indicator of 

composite injury healing, would be decreased compared to bone injury alone. Based on our 

results, we then evaluated decorin-supplemented collagen hydrogels (collagen+DCN) as a 

biomaterial vehicle for the co-delivery of BMP-2 and MVF. We hypothesized that collagen

+DCN would increase BMP-2 retention over collagen alone due to DCN’s ability to 

sequester TGF-ß growth factors. We further hypothesized that MVF would increase both 

early vascularization and subsequent BMP-2-mediated bone regeneration.
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2. METHODS

All animal experiments were performed in accordance with protocols approved by the 

Georgia Institute of Technology Institutional Animal Care and Use Committee (IACUC).

2.1 Early Revascularization Following Composite Injury

2.1.1 Surgical Procedures—Unilateral segmental bone defects were made in 13-week-

old female Sprague-Dawley rats by creating a critical size 8 mm femoral defect stabilized by 

internal fixation (bone only defect group) [37]. Composite defects were made by creating an 

overlying 8 mm diameter full-thickness quadriceps femoris muscle defect in addition to the 

segmental bone defect as previously described (composite defect group) [4]. All bone 

defects received 2 μg BMP-2 (Pfizer, Inc.; New York, NY) delivered in RGD-alginate gel 

injected into an electrospun polycaprolactone (PCL) nanofiber mesh tube approximately 

300–400 μm thick with 1 mm perforations as previously described [38]. 23 animals were 

used to compare revascularization at early time points; animals were euthanized at days 3 

(n=7/group), 7 (n=7), and 14 (n=9) post-surgery to assess vascularization using micro-

computed tomography (μCT) angiography.

2.1.2 μCT Angiography—Animals were sequentially perfused with 0.9% saline to clear 

blood vessels, 0.4% papaverine hydrochloride to dilate vessels, 10% neutral buffered 

formalin to fix, saline to rinse, and a lead chromate radiopaque contrast agent (Microfil 

MV-22 diluted 2:1; Flow Tech, Inc., Carver, MA). Samples were stored overnight at 4 °C to 

allow complete polymerization of the contrast agent prior to dissection and μCT analysis. 

Hind limbs from the hip to the knee were excised. For day 3 and day 7 samples, no bone had 

yet formed in the defect area and limbs were analyzed immediately. For day 14 samples, the 

samples were immersed in decalcification solution (Cal-Ex II, Fisher Scientific; Hampton, 

NH) for a period of 2–3 weeks under gentle agitation with solution changes every 1–3 days 

prior to analysis.

Two volumes of interest (VOIs) were used to analyze either the bone defect region only or 

the entire thigh, including both the bone defect and surrounding muscle. For the early 

revascularization study, scans were performed at a 38 μm voxel size for vessels within the 

thigh and a 21 μm voxel size for vessels within the bone defect. The thigh VOI encompassed 

the entire diameter of the thigh for the length of the defect, and the bone defect VOI 

consisted of a cylindrical volume 6 mm in diameter to encompass the outer diameter of the 

treatment-containing PCL mesh tube. A global threshold was applied for segmentation of 

vasculature, and a Gaussian low-pass filter was used to suppress noise (σ = 0.8, support = 1). 

Total vascular volume and voxel diameter histograms were computed using native Scanco 

software. The number of voxel counts per diameter bin was used as a measure of vessel 

number [25].

2.2 In vitro Construct Preparation & Characterization

MVF growth and the acellular BMP-2 release kinetics of collagen+DCN hydrogels were 

assessed and compared to collagen alone and to alginate. Collagen gels were made at 3% 

w/v and buffered with Dulbecco’s modified eagle medium (DMEM; ThermoFisher 
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Scientific; Waltham, MA). Collagen+DCN gels consisted of 3% collagen supplemented with 

50 μg/mL DCN as previously described [32]. To prepare alginate hydrogels, RGD-

functionalized alginate (FMC BioPolymer; Ewing, NJ) dissolved in αMEM was crosslinked 

with calcium sulfate for a final concentration of 2% [38].

MVF were isolated as previously described [22]. Briefly, epididymal fat pads were harvested 

from Lewis rats, minced, and digested with a collagenase solution for 7 minutes at 37 °C. 

MVF were obtained through selective filtration to retain tissue between 20–200 μm. Tissue 

was first passed through a 200 μm filter to remove partially undigested adipose tissue; the 

flow-through was then passed through a 20 μm filter to remove single cells. MVF were 

suspended at a density of 80,000 fragments/mL in solution prior to gelation.

To assess BMP-2 release kinetics, acellular gels were loaded with 500 ng BMP-2 (n=4/

group) by incorporation within solution prior to gelation. Gels were incubated at 37 °C in 

αMEM (ThermoFisher) supplemented with 10% fetal bovine serum (Atlanta Biologics; 

Atlanta, GA). Media was collected and replaced at time points up to day 20. BMP-2 present 

in the collected media was quantified by ELISA according to manufacturer’s instructions 

(R&D Systems, Minneapolis, MN). BMP-2 release was then compared for acellular vs. 

MVF-containing collagen+DCN hydrogels as above up to day 7 (n=5/group).

MVF growth in collagen+DCN gels ± BMP-2 was assessed at day 7 (n=5/group). 

MVFcontaining constructs were cultured in αMEM (ThermoFisher) supplemented with 

10% fetal bovine serum (Atlanta Biologics) and 1% penicillin-streptomycin-glutamine 

(ThermoFisher). In the BMP-2 containing group, 500 ng BMP-2 was incorporated into the 

collagen+DCN solution prior to gelation. Gels were fixed with 4% paraformaldehyde and 

stained with rhodamine-labeled Griffonia simplicifolia (GS-1) lectin (Vector Laboratories, 

Burlingame, CA). Five randomly selected fields were imaged per gel to a depth of 402 μm 

using a Zeiss LSM 700 confocal microscope. Maximum intensity z-projections were created 

for each stack, thresholded, and skeletonized using the AngioAnalyzer ImageJ plugin to 

determine branch number and total length [25, 32].

2.3 Bone Regeneration in Composite Injury

2.3.1 Surgical Procedures—Composite defects were made in 13-week-old female 

Lewis rats for syngeneic implantation of MVF harvested from Lewis rats. Lewis rats that 

ubiquitously express GFP (LEW-Tf(CAGEGFP)YsRrrc) were obtained from the Rat 

Resource and Research Center (RRRC, Columbia, MO) to enable the detection of implanted 

MVF. Bone defects received either collagen+DCN loaded with 2.5 μg BMP-2 and MVF 

(BMP-2+MVF), collagen+DCN loaded with BMP-2 (BMP-2), or an empty collagen+DCN 

gel (gel only). Gels were formed in custom polycarbonate molds to achieve a diameter of 5 

mm and a length of 1 cm and placed inside perforated PCL mesh tubes for implantation. 36 

animals were used to evaluate the effect of MVF on BMP-2-mediated revascularization and 

subsequent bone healing. A subset of animals (n=6/BMP-containing group) were euthanized 

at 7 days post-surgery to assess vascularization using μCT angiography. The remaining 

animals (n=9/BMP-containing group, n=6/gel only group) were euthanized at 12 weeks 

post-surgery to assess bone regeneration.
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2.3.2 μCT Angiography—For the bone regeneration study, μCT angiography was 

performed as in 2.1.2 for the early revascularization study; however, all angiography scans 

were performed at a 15 μm voxel size.

2.3.3 Bone Regeneration Analysis—Bone tissue regeneration was assessed by 

radiography at 2, 4, 8, and 12 weeks post-surgery and by μCT at 4, 8, and 12 weeks post-

surgery. For quantitative μCT analysis, the defect region was scanned with a voxel size of 38 

μm. The middle 6.5 mm of the defect was analyzed, and bone volume was quantified by 

Scanco software using a threshold corresponding to 50% of intact cortical bone [39]. 

Functional regeneration was assessed by mechanical testing at 12 weeks endpoint. Thighs 

were harvested, soft tissue was cleared, and fixation plates were removed. Femur ends were 

potted in Wood’s metal (Alfa Aesar) and tested in torsion at a rate of 3°/s to failure or to 30° 

of rotation (ELF 3200, TA ElectroForce) [37]. The failure strength (torque at failure) and 

stiffness (linear region of torque vs. rotation plot) were calculated for all samples.

2.3.4 Histology and Immunohistochemistry—Bone tissue was decalcified, 

sectioned at a 5 μm thickness, and stained with hematoxylin and eosin (H&E; Histotox Labs; 

Boulder, CO). Immunohistochemistry was also performed on bone tissue sections to 

evaluate the presence of implanted GFP-expressing MVF. Deparaffinized sections were 

blocked, incubated with anti-GFP antibody (ab290, Abcam; Cambridge, UK) at a dilution of 

1:100, washed, incubated with secondary antibody (A-11036, ThermoFisher) at a dilution of 

1:50, washed, and counterstained with DAPI (ThermoFisher) at a dilution of 1:1000.

2.4 Statistical Analysis

Data were analyzed using GraphPad Prism 5, and all statistical tests were conducted with 

α=0.05. BMP-2 release data were analyzed with a repeated measures one-way ANOVA with 

Bonferroni’s multiple comparisons test. MVF network length and branching with and 

without BMP-2 were compared with a student’s t-test with Welch’s correction for unequal 

variances. For the early revascularization study, total vascular volume μCT angiography data 

were analyzed with a two-way ANOVA with Bonferroni’s multiple comparisons test. For the 

bone healing study, total vascular volume data were analyzed with a one-way ANOVA 

(thigh) with Bonferroni’s multiple comparisons test or with a student’s t-test (bone defect 

area). Vessel thickness histograms were compared using a two-way ANOVA [25] with 

Bonferroni’s multiple comparisons test. Longitudinal bone healing and mechanical testing 

had significantly different variances among treatment groups (Bartlett’s test, p<0.05) and 

were therefore analyzed with Kruskal-Wallis tests and Dunn’s multiple comparisons test. 

Data are plotted as mean with standard error of the mean (SEM) or as a box plot with 

whiskers indicating the minimum and the maximum.

3. RESULTS

3.1 Early Revascularization Following Composite Injury

To assess the effect of concomitant muscle loss on early revascularization following injury, 

μCT angiography was used to compare the composite defect to the bone only defect. The 

total vascular volume of the entire thigh of the bone only defect group was significantly 
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greater than that of the composite defect group (ANOVA, p<0.05) and the contralateral 

control limb at day 3 (p<0.01; Figure 1). The total thigh vascular volume of the bone only 

defect group was significantly greater than that of the contralateral control limb at day 7 

(p<0.001), whereas the composite defect thigh vascular volume was not different than that of 

the contralateral. By day 14, the total thigh vascular volume for both bone only and 

composite injuries was greater than the contralateral vascular volume (p<0.001). The total 

vascular volume of the bone defect region was not significantly different for composite vs. 

bone only defects at any time point (Figure 2). Qualitatively, the μCT angiography 

reconstruction of the composite defect group at day 14 appears asymmetric. Vessels appear 

to migrate into the defect preferentially from one side of the defect, with the reduced 

migration side corresponding to the muscle defect. This is particularly evident in the axial 

view, where vessels can be observed migrating through the perforations in the PCL mesh 

tube.

In addition to total vascular volume, the distribution of vessel thicknesses was also 

quantified by examining the number of voxels (counts) per diameter bin. At day 3, the thigh 

region of the composite defect group had significantly fewer vessels than the bone only 

defect group (2-way ANOVA, overall effect p<0.0001 no significant (n.s.) interaction 

effect). The thickness distribution within the bone defect region was not significantly 

different at day 3 (Figure 3 B). At day 7, both the thigh region and bone defect region of the 

composite defect group had significantly fewer vessels (Figure 3 C-D). The bone defect 

region had fewer vessels (overall effect p<0.05, n.s. interaction effect), and the thigh region 

specifically had fewer thin vessels under 700 μm in diameter (overall effect p<0.05, 

interaction effect p<0.05; Figure 3 C-D). By day 14, both groups exhibited robust 

vascularization, and the thigh regions showed similar thickness distributions. At the 14 day 

time point, the composite defect actually exhibited a significantly higher number of vessels 

within the defect area (overall effect p<0.01, n.s. interaction effect).

3.2 In vitro Biomaterial Characterization

Based on the reduced vascularization of composite defects compared to bone only defects 

observed with μCT angiography, MVF were investigated as a vascular therapeutic for 

composite injuries. Three different materials were tested in vitro: RGD-alginate, collagen, 

and collagen+DCN. However, MVF did not sprout or form networks in RGD-alginate, the 

biomaterial used in the early μCT angiography studies (Figure 4 A). MVF growth was not 

different in collagen vs. collagen+DCN and robust in both groups (Figure 4 B-C) [32].

Acellular hydrogels were then tested for BMP-2 release. Collagen+DCN released 

significantly less BMP-2 over days 1–5 than either collagen alone or alginate. By day 10, 

collagen+DCN released less BMP-2 than collagen alone but was not statistically different 

than alginate. At days 15–20, the quantity of BMP-2 released by all three materials was 

significantly different (Figure 4 D; RM-ANOVA, p<0.05). At day 20, collagen had released 

about 35% of the loaded BMP-2, collagen+DCN had released about 28%, and alginate had 

released about 25%.

Release of BMP-2 from acellular vs. MVF-containing collagen+DCN gels was compared up 

to day 7. Beginning at day 3, the MVF-containing gels released significantly more BMP-2 

Ruehle et al. Page 7

Acta Biomater. Author manuscript; available in PMC 2020 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



than acellular gels (Figure 5 A; RM-ANOVA, p<0.05). This difference persisted through day 

7 (p<0.01). At day 7, MVF-containing gels had released 12.9% of the loaded BMP-2, and 

acellular gels had released 11.6%. BMP-2 significantly increased total MVF network length 

and branching (Figure 5 B) and qualitatively appeared to accelerate MVF network formation 

(Figure 5 C-D).

3.3 Effect of MVF on Early Revascularization Following Composite Injury

Composite defects were treated with either collagen+DCN gels loaded with BMP-2 and 

MVF, collagen+DCN gels loaded with BMP-2 alone, or empty collagen+DCN gels only. 

Based on the reduced number of small diameter vessels within both the thigh and bone 

defect region at day 7 of the early revascularization study, 6 animals per BMP-containing 

treatment group were euthanized 7 days post-surgery for μCT angiography.

Both treatment groups had significantly greater thigh vascular volume than the contralateral 

leg (Figure 6 A-B; p<0.0001). However, the total vascular volume was not significantly 

different between BMP and BMP+MVF in the thigh region or the bone defect region. 

Analysis of vessel size distributions revealed that compared to BMP alone, BMP+MVF 

treated defects had significantly fewer vessels in the bone defect regions (Figure 6 C; 2-way 

ANOVA, overall effect p<0.01, n.s. interaction effect). The thigh region possessed fewer 

small diameter vessels, ranging 0–200 μm and 600–1000 μm in the BMP+MVF animals 

compared to the BMP animals (overall effect p<0.0001, interaction effect p<0.01).

3.4 Effect of MVF on Bone Regeneration in Composite Injury

At 12 weeks, radiography demonstrated inconsistent bridging in both BMP-containing 

groups (with and without MVF; Figure 7). Semi-quantitative bridging scores 0–4 were 

assigned to each animal: 0, no mineralization; 1, sparse, isolated areas of mineral; 2, 

substantial but discontinuous mineralization; 3, near but incomplete bridging; 4, complete 

bridging [40]. Both BMP-containing groups had approximately one third of defects 

completely bridge (score 4), one third produce substantial mineralization without bridging 

(score 2–3), and one third with little to no mineral (score 0–1). The gel only control group 

did not induce substantial bone formation in any animal (all scored 0–1).

Bone volume as measured by μCT was significantly higher in both BMP-containing groups 

than the gel only control at 12 weeks (Kruskal-Wallis test, p=0.011; Figure 8 A); there was 

no effect of MVF on bone volume. There was no difference among treatment groups in 

failure strength or stiffness, and all groups were significantly below that of the intact 

contralateral control (KruskalWallis test, p<0.001; Figure 8 B-C).

3.5.1 Histology—H&E staining demonstrated that even in samples with moderate bone 

volume, the defect area often failed to bridge with one or both intact bone ends (Figure 9 A); 

this is in agreement with the radiography shown in Figure 7. Due to the high variability of 

bone volume, H&E was performed on three samples representing low, moderate, and high 

bone volume for each treatment group (the collagen+DCN gel only group only produced 

low bone volume, so only one sample was stained; Figure 9). The low bone volume samples 

displayed primarily fibrous tissue. The low bone volume samples from the BMP-containing 
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groups appeared more loosely structured than the gel only group, which was very densely 

cellular. The moderate bone volume samples appeared to have islands of mineralized tissue 

within larger areas of marrow-like tissue. The high bone volume samples had fewer and 

smaller areas of marrow-like tissue. Although there were larger areas of mineralized tissue, 

they appear more disorganized than intact mature bone tissue.

3.5.2 Immunohistochemistry—Immunohistochemistry was performed to determine 

whether the implanted GFP-expressing MVF remained within the defect at either 1 week or 

12 weeks post-surgery. At 1 week, GFP+cells were identifiable in the defect region (Figure 

10); however, rather than being evenly distributed throughout the defect, these GFP+ cells 

appeared to be clustered together. Additionally, they appeared as distinct, single cells rather 

than multicellular vessel structures and are not associated with vascular structures. At week 

12, no cells stained positive for GFP.

4. DISCUSSION

A key indicator of traumatic composite injury severity is vascular integrity [3]. Clinically, 

bone injuries with concomitant muscle damage are more prone to complications and long-

term disability, and those with vascular damage are the most susceptible [1, 2]. We have 

previously developed a rat model of composite injury that recapitulates the bone healing 

deficit seen clinically [4]; however, the vascularization response had not yet been 

investigated. Here, our hypothesis that revascularization following injury is impaired in the 

composite defect relative to the bone only defect was supported. Our hypotheses that the 

addition of MVF as a vascular therapeutic would improve early revascularization of the 

composite defect and subsequent BMP-2-mediated bone healing were not supported.

Revascularization following injury was impaired in the composite defect relative to the bone 

only defect. At day 3 post-surgery, the bone defect only group had a significantly higher 

thigh vascular volume than the contralateral limb, indicating the vascular ingrowth stage of 

the wound healing cascade had initiated. The bone defect only group also had significantly 

higher thigh vascular volume than the composite defect group, suggesting a delayed 

revascularization response in the composite model. At day 3, both bone defect regions 

showed a comparably sparse revascularization. The reduced vascularity of the thigh, which 

encompasses both bone and muscle tissue, in the composite group may possibly be due to 

the frank loss of muscle tissue and its associated vascular supply. However, at day 7, both 

the thigh and the bone defect area of the composite group showed a reduced number of 

vessels compared to bone injury alone. Due to the lack of surrounding soft tissue, vascular 

ingrowth may have been required to traverse a greater distance and was thus unable to reach 

the bone defect by day 7. By day 14, the thigh regions exhibited similarly robust 

vascularization, with both defect groups having significantly greater total volume than the 

contralateral. Within the bone defect area, the composite group actually had a greater 

number of small vessels under 200 μm in diameter but none of the larger vessels 450–700 

μm as seen in bone only group. This altered vessel size distribution profile may indicate 

delayed revascularization; the bone-only injuries may have remodeled the initial network 

into larger diameter vessels by day 14, whereas the composite defect was just beginning to 

form small vessels. While the total vascular volume within the bone defect was not 
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significantly different between groups at any time point, the significant differences in size 

distribution suggest differences in vascular network maturity. While we have not shown a 

direct, causal relationship between altered revascularization and impaired bone healing, 

previous studies that inhibited vascularization resulted in delayed union [8]. Taken together 

with existing literature, this study suggests that the impaired early revascularization timeline 

seen here in the composite defect model may contribute to the attenuated bone healing 

observed downstream – either directly or indirectly. The impaired vascularization response 

may impede the regenerative processes of progenitor cell recruitment and differentiation and 

instead lead to a more inflammatory and fibrotic response [5]. However, previous work has 

shown that reduced blood flow associated with a muscle crush injury did not impair fracture 

healing [41].

In an effort to rescue this vascular deficit, collagen+DCN hydrogels were developed as a 

biomaterial delivery vehicle for both BMP-2 and MVF. This material has previous been 

shown to support vascular growth in vitro with minimal cell-mediated contraction of the gel 

[32]. Similar vascularized constructs have been implanted and progressed to connect with 

the host vasculature [24], increase tissue vascular volume [25], and respond to local 

microenvironmental characteristics [23]. However, in this application, MVF were not able to 

overcome the vascular deficit and in fact were associated with decreased number of vessels 

relative to BMP alone at day 7. The timing of VEGF expression has been implicated as an 

important regulator of bone healing [16, 17], and delivering MVF immediately following 

injury may have disrupted the endogenous timeline of wound healing angiogenesis. 

Endogenous VEGF expression typically peaks around day 5–10 post-injury [17], while 

delivering MVF immediately following defect creation may have introduced larger amounts 

of VEGF much earlier. Early presence of VEGF may have then disrupted growth factor 

gradients and prevented the full endogenous angiogenic response. However, a majority of 

BMP-2 and VEGF co-delivery studies that ultimately did not show improved bone healing 

did observe increased vascularity [15–18, 26]. A previous study examining the effect of 

hindlimb ischemia on segmental defect healing observed a beneficial effect of transient 

ischemia on revascularization and subsequent bone healing [42]; the complexity of the 

relationship between vascularization and bone regeneration is not yet fully understood. 

Although GFP+ cells were observed within the defect area at day 7, they appeared as single 

cells rather than the GFP+ multicellular vessel fragments that were implanted. While some 

loss of support cells is a normal element of sprouting angiogenesis, the GFP+ cells do not 

appear to be associated with vessel-like structures, suggesting instead that a majority of the 

cells comprising the MVF dissociated to a single cell level. As the implanted vessel 

fragments dissociated, vessel destabilization cues may possibly have been transmitted to the 

surrounding tissue, resulting in a decreased number of vessels within the thigh compared to 

BMP alone. Previous studies delivering MVF that showed increased tissue vascular volume 

had pre-cultured the MVF in vitro prior to implantation, which allowed for provisional 

network formation [25]. While the freshly isolated MVF tested in this study potentially have 

greater translational applicability, the pre-culture of constructs accelerates inosculation [43] 

and may be critical to functional revascularization by implanted cells.

MVF also did not have a statistically significant effect on bone volume or mechanical 

properties. However, the mean and median bone volume, failure strength, and torsional 
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stiffness were all lower in the BMP-2 + MVF group than in the BMP-2 alone group. This 

may primarily be due to their negative effect on the already dampened revascularization 

response in the composite defect model. GFP+ MVF-derived cells were not observed in the 

defect tissue at the 12 week end point, indicating that they did not integrate into the 

regenerated tissue. Cell-based therapies broadly are challenged by issues of retention and 

survival [44, 45]; although the implanted cells in this study were able to persist to day 7, 

without inosculating with the host vasculature, they may have failed to survive within the 

harsh, hypoxic injury environment. Additionally, exogenous cells may metabolize or 

degrade BMP-2, thereby reducing its effective dose and availability to osteoprogenitors [46]. 

However, the in vitro BMP-2 release experiment showed that MVF-containing collagen

+DCN gels released modestly but significantly more detectable BMP-2 than acellular gels. 

This may be due to proteolytic activity of MVF as they sprout and invade the matrix. BMP-2 

also significantly increased MVF network length and branching at day 7, which is in 

agreement with previous reports of BMP-2 increasing angiogenesis [47, 48]. Previous 

literature showed decreased mineralization when adipose-derived MSCs were co-delivered 

with BMP-2, whereas bone marrow-derived MSCs increased BMP-2-mediated 

mineralization [49]. While adipose-derived MVF do contain MSCs, they represent only 

about 5% of the cellular constituents [50, 51]. Cell source more broadly may be an important 

consideration when using MVF therapeutically. Further, even in samples with moderate 

bone volume, the defect area often failed to bridge with one or both intact bone ends across 

both BMP-containing treatment groups. While we have established an association between 

altered revascularization and impaired bone healing, other factors may also contribute to 

reduced healing. There is evidence for crosstalk between growth factors secreted by muscle 

tissue and the periosteum [4], perhaps contributing for the relatively low bridging rates 

observed in this study. The loss of adjacent muscle tissue sustains the pro-inflammatory 

stage of wound healing [5], and immunomodulatory agents have been shown to improve 

bone healing in traumatic injuries with volumetric muscle loss [52]. Composite tissue 

injuries are complex and may require adjunct therapies to address multiple facets of the 

healing process.

The collagen+DCN delivery vehicle met the in vitro design criteria as a matrix supporting 

both MVF growth and sustained BMP-2 delivery. MVF grow robustly in collagen+DCN 

[32], and DCN increased the retention of BMP-2 in vitro compared to collagen alone. At an 

intermediate timepoint (day 10 of 20), the BMP-2 release of collagen+DCN was not 

statistically different than alginate. DCN preferentially binds TGF-ß family growth factors 

such as BMP-2 [36]. As such, DCN may have transiently bound BMP-2, increasing 

retention, and released it, allowing BMP-2-induced mineralization [35]. Interestingly, DCN 

has been shown to play a role in angiogenesis, with studies showing both positive and 

negative effects [53–57]. DCN deficient mice exhibit deficiencies in angiogenesis [58], and 

sprouting endothelial cells express DCN [59]. As an extracellular matrix component, DCN 

has been shown to inhibit endothelial cell tube formation [53]. However, collagen+DCN is 

an effective in vitro culture substrate for MVF and facilitates network branching and 

extension [32]. Collagen+DCN supports angiogenesis in vivo as well. Vessels were able to 

migrate into the bone defect area, and the 7 day perfusion results appeared qualitatively 

similar to those observed at day 7 in the alginate system.
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As a delivery vehicle for BMP-2, collagen+DCN gels are capable of bridging the 

challenging composite defect model, albeit inconsistently; mineralization occurred in 

approximately twothirds of BMP-treated defects. A previous study of bone healing in the 

composite defect model observed very comparable bone volume and mechanical properties 

in composite defects using a well-established alginate delivery vehicle for a functionally 

equivalent dose of BMP-2 (2 vs. 2.5 μg) [4]. In the present study, the average 12 week bone 

volume of the BMP only group was 33.38 mm3, and the average failure strength was 0.0779 

Nm; Willett et al. observed a 12 week bone volume of 28.99 mm3 and a failure strength of 

0.0558 Nm in composite defects treated with BMP-2 delivered in alginate. Thus, the 

inconsistent bone healing observed here may speak more to the extraordinarily challenging 

nature of composite tissue injuries rather than the efficacy of collagen+DCN as a BMP-2 

delivery vehicle. Although not able to promote consistent bridging in challenging composite 

tissue injuries, collagen+DCN performed as well as RGD-alginate as a vehicle for sustained 

delivery of BMP-2.

5. CONCLUSIONS

Composite injuries to bone and adjacent soft tissue are more prone to clinical complications 

and poor healing outcomes. In an established rat bone-muscle injury model, this study 

demonstrated a modest but significant impairment in early revascularization, which may 

contribute to impaired bone healing. In an attempt to overcome this vascular deficit, we 

developed and characterized collagen+DCN hydrogels as a co-delivery vehicle for a vascular 

therapeutic, MVF, and the osteoinductive growth factor, BMP-2. However, despite in vitro 

data suggesting synergistic effects between BMP-2 and MVF, we unexpectedly found that 

MVF did not increase vascular volume and in fact decreased the number of vessels both 

within the bone defect area and the surrounding tissues of the thigh. GFP+ cells from the 

implanted GFP+ MVF were present within the bone defect at 1 week post-surgery but 

appeared as single cells rather than as vessel structures, and no GFP+ cells were observed at 

12 weeks post-surgery. Although MVF did not improve bone healing, the collagen+DCN 

biomaterial delivery of BMP-2 was able to achieve bridging in the challenging composite 

defect model, reaching endpoint bone volume and mechanical properties comparable to a 

well-established RGD-alginate delivery system. Decorin-supplemented collagen hydrogel is 

therefore a promising biomaterial delivery vehicle for treating composite extremity injuries, 

and future studies will explore pre-culturing MVF in vitro to allow stable network formation 

prior to implantation.
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Statement of Significance:

We have previously established a model of musculoskeletal trauma that exhibits impaired 

bone healing. For the first time, this work shows that the early revascularization response 

is also significantly, albeit modestly, impaired. A decorin-supplemented collagen 

hydrogel was used for the first time in vivo as a delivery vehicle for both a cell-based 

vascular therapeutic, MVF, and an osteoinductive growth factor, BMP-2. While MVF did 

not improve vascular volume or bone healing, collagen+DCN is a BMP-2 delivery 

vehicle capable of achieving bridging in the challenging composite defect model. Based 

on its support of robust angiogenesis in vitro, collagen+DCN may be extended for future 

use with other vascular therapeutics such as pre-formed vascular networks.
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Figure 1. 
A) Representative images of vasculature within the thigh region of Bone Only vs Composite 

injuries at days 3, 7, and 14. Heatmaps correspond to vessel diameter 0–0.8 mm. B) 

Quantitative μCT angiography results for the thigh region, n=7–9/group. ** p<0.01 between 

Bone Only and Contralateral, *** p<0.001 between Bone Only and Contralateral. ^ p<0.05 

between Composite and Bone Only, ^^^ p<0.001 between Composite and Contralateral.
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Figure 2. 
A) Representative images of vasculature within the bone defect region of Bone Only vs 

Composite injuries at days 3, 7, and 14. Heatmaps correspond to vessel diameter 0–0.2 mm. 

B) Quantitative μCT angiography results for total vascular volume of the bone defect region, 

n=7–9/group.
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Figure 3. 
Vascular thickness distributions for A) the thigh at day 3, B) the bone defect at day 3, C) the 

thigh at day 7, D) the bone defect at day 7, E) the thigh at day 14, and F) the bone defect at 

day 14. Voxel counts indicate the number of voxels with a given diameter and are utilized as 

a measure of vessel number. n=7–9/group, * p<0.05 between Bone Only and Composite 

(overall effect), ** p<0.01, ** p<0.0001.
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Figure 4. 
MVF at day 6 of culture in A) RGD-alginate, B) collagen, C) coll+DCN. Scale bar = 500 

μm. D) Cumulative in vitro BMP-2 released by acellular gels into surrounding media, n=4/

group. * p<0.05 between all three materials, # p<0.05 between collagen and collagen+DCN 

and collagen and alginate.
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Figure 5. 
A) Cumulative in vitro BMP-2 released by acellular vs. MVF-containing collagen+DCN 

gels into surrounding media, n=5/group. * p<0.05, ** p<0.01. B) Quantification of total 

MVF network length and branching without BMP-2 (C) and with 500 ng BMP-2 

incorporated into the collagen+DCN gel (D) at day 7 of culture. * p<0.05.
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Figure 6. 
Quantitative μCT angiography results for total volume of A) the thigh region and B) the 

bone defect region. n=6/group, * p<0.0001 between BMP groups and contralateral control. 

Vascular thickness distributions for C) the thigh region and D) the bone defect region. Insets 

show E) small 0–200 μm diameter and F) intermediate 600–1000 μm diameter voxel within 

the thigh. Voxel counts indicate the number of voxels with a given diameter and are utilized 

as a measure of vessel number. ** p<0.01 between BMP+MVF and BMP (overall effect), 

*** p<0.001.
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Figure 7. 
Representative 12 week radiographs of non-mineralized (top; bridging score 0–1), 

mineralized but not bridged (middle; bridging score 2–3), and completely bridged (bottom; 

bridging score 4) samples from each treatment group. The Gel Only group produced only 

nonmineralized samples. Inset chart shows the semi-quantitative bridging score distribution 

and mean for each group.

Ruehle et al. Page 24

Acta Biomater. Author manuscript; available in PMC 2020 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
Longitudinal bone volume as measured with μCT. * p=0.011 between both BMP groups and 

the Gel Only material control group. B) Failure strength and C) Stiffness of regenerated 

bone tissue at the 12 week endpoint. * p<0.001 between all treatment groups and the 

contralateral control.
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Figure 9. 
A) Representative mosaic images of hematoxylin and eosin (H&E) stained samples from the 

BMP-2 (top) and BMP-2+MVF (bottom) treatment groups. The PCL nanofiber mesh 

denotes the boundaries of the defect area, and the proximal intact bone end is marked with 

dotted line. Scale bar = 1000 μm. B) Representative low (top), moderate (middle), and high 

(bottom) bone volume samples from each treatment group at the 12 week endpoint. The Gel 

Only group produced only low bone volume samples. Location of moderate bone volume 

samples within mosaics are outlined in blue and green for the BMP-2 and BMP-2 + MVF 

groups, respectively. Scale bar = 200 μm.
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Figure 10. 
Anti-GFP immunohistochemistry (top) to identify retention of implanted GFP+ MVF at 1 

week and 12 weeks post-surgery. Red - anti-GFP antibody, blue – DAPI. Serial sections 

stained with H&E (bottom). Scale bar = 50 μm.
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