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Abstract

Restoration of vasculature is a critical component for successful integration of implants in 

musculoskeletal tissue. Sodium hyaluronate (NaHY) has been used as a carrier for demineralized 

bone matrix (DBM). DBM is osteoinductive and osteoconductive, but whether NaHY by itself has 

an effect is not known. NaHY has been reported to promote neovascularization, suggesting it may 

increase neovasculature when used with DBM as well. To test this, we used a rat tibial marrow 

ablation model to assess neovascularization during bone formation and regeneration of marrow 

with different combinations of NaHY alone and NaHY+DBM. To assess neovascularization 

during normal healing, animals were euthanized at 3-, 6-, 14-, 21-, and 28-days post-ablation, and 

the vasculature perfused using a radio-opaque contrast agent. Vascular morphology was assessed 

using μCT and histology. Peak vessel volume within the marrow cavity was observed on day-14 

post-ablation. Test materials were injected into the ablated marrow space as follows: (A) empty 

defect controls; (B) high MW (700–800 kDa) NaHY + heat inactivated DBM; (C) DBM in PBS; 

(D) low MW NaHY (35 kDa) + DBM; (E) high MW NaHY + DBM; (F) D:E 50:50; (G) low MW 

NaHY; (H) high MW NaHY; and (I) G:H 50:50. Neovascularization varied with bone substitute 

formulation. μCT results revealed that addition of NaHY resulted in an increase in vessel number 

compared to empty defects. Total blood vessel volume in all NaHY only groups were similar to 

DBM alone. Histomorphometry of sagittal sections showed that all three formulations of NaHY 

increased blood vessel number within the marrow cavity, confirming that NaHY promotes 

neovascularization.
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INTRODUCTION

A common objective when using biomedical implants, particularly in musculoskeletal 

tissues, is rapid apposition of host tissue to the implant surface. Currently, several 

regenerative medicine therapies exist for the restoration and augmentation of bone in 

orthopaedic and dental applications, including autologous and allogeneic bone grafts as well 

as synthetic bone graft substitutes. While autologous bone is still the “gold standard” within 

the field because of its biocompatibility as well as its source of stem cells and growth 

factors,1,2 allografts and synthetic bone substitutes also provide an osteoconductive surface 

to promote bone growth. A critical requirement for the survival of any bone graft is the rapid 

ingrowth of blood vessels from the surrounding tissue.3

Hyaluronic acid is a high molecular weight (104–107 Da), negatively charged, non-sulfated 

glycosaminoglycan consisting of repeating units of N-acetylglucosamine and D-glucuronic 

acid.4 It is a component of the extracellular matrix (ECM) expressed in nearly all tissue 

types4 and plays an important role in tissue morphogenesis and healing.5,6 During wound 

healing, native hyaluronic acid serves as an anti-angiogenic molecule, inhibiting endothelial 

cell proliferation and migration.7 These observations have lead to the use of the sodium salt 

of hyaluronic acid (NaHY) in a number of wound healing applications.8 Although NaHY 

inhibits capillary formation in a three dimensional collagen gel,7,9 low molecular weight 

degradation products of NaHY have been demonstrated to stimulate vascular endothelial cell 

proliferation,10–14 migration,15 collagen synthesis,16 sprout formation,17 and new blood 

vessel formation.18

Allogeneic bone graft substitutes like demineralized bone matrix (DBM) are used as filler 

materials to enhance the healing of fractures and to help regenerate bone in osseous 

defects.19 Because the particulate, powdery nature of DBM results in poor handling 

qualities, it is often combined with materials to improve its handling characteristics for 

surgical procedures.19,20 Commonly used materials for this process include NaHY, calcium 

sulfate, glycerol, and gelatin.19 The combination of DBM with these materials creates a 

more gelatinous substance, allowing for easier insertion and molding into osseous defect 

sites. DBM is known to promote bone formation by virtue of its osteoinductive and 

osteoconductive properties, but whether NaHY can also stimulate bone formation when used 

as a cofactor with DBM is not known. NaHY has also been reported to accelerate bone 

healing.21 The exact mechanism by which NaHY promotes bone healing is unknown, but 

one possibility is that it increases neovascularization in the newly forming bone. NaHY has 

already been shown to promote neovascularization in non-bony sites22 and is being 

investigated for use as a scaffold material for angiogenic tissue engineering,23 supporting 

this hypothesis.
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The purpose of the present study was to determine if NaHY stimulates neovascularization 

during bone formation induced by DBM. The study took advantage of the rapid endosteal 

bone formation that occurs following injury to the marrow cavity of rat tibial bone.24 The rat 

bone marrow ablation model is an established model for examining bone formation and 

remodeling.25 It has been well characterized in a number of academic laboratories and it is 

used by industry to assess osteogenic properties of biomaterials as well as 

pharmaceuticals.26,27 The model is also applicable for assessing endosteal bone formation 

and remodeling in orthopaedics following placement of intramedullary rods and joint 

prostheses.28 In this model, the bone marrows of rat tibias are flushed of cells. A blood clot 

and granulation tissue fill the marrow space over the first three days of healing. Primary 

bone begins to form on the endosteal surface by day 6 and eventually fills the marrow 

cavity. Remodeling of the newly formed bone occurs between days 12 and 25, resulting in 

resorption of the primary bone. By day-35 post-ablation, replacement of the primary bone 

with bone marrow is complete, resulting in the regeneration of normal tissue phenotype.29 

This process follows a well-documented time table,25,30 which makes it a very useful model 

for the study of normal bone repair and for the evaluation of extrinsic and intrinsic factors 

that may influence it. The enclosed environment of the marrow space restricts the 

distribution of test materials and localizes their effects, thus allowing the model to be useful 

for the study of the effects of biomaterials that have been designed for bone augmentation.

In this study, neovascularization occurring within the ablated marrow cavity was assessed 

over time by perfusing the vasculature of rats with a radio-opaque silicone contrast agent 

and imaging the vasculature using micro-computed tomography (μCT). To determine the 

role of NaHY in stimulating neovascularization during endosteal bone formation, we placed 

various formulations of NaHY with and without DBM in the ablated marrow space of rats. 

Vascular morphology of the ablated limbs was assessed 14 days post-ablation using both 

μCT analysis as well as histology.

MATERIALS AND METHODS

Materials

Implant materials were prepared by the Musculoskeletal Transplant Foundation (MTF, 

Edison, NJ) and packaged in sterile syringes. Materials were able to be extruded through an 

18-gauge needle, which is the largest size able to fit into the hole created for the marrow 

ablation. The DBM used for the study was from a single donor and was shown to be 

osteoinductive in the mouse gastrocnemius muscle pouch assay. DBM particulates ranged in 

size from 212 to 500 μm in diameter.

Marrow ablation

The Institutional Animal Care and Use Committee (IACUC) at the Georgia Institute of 

Technology approved all animal procedures. Eight-week-old male immunocompromised 

(rNu/rNu) rats were purchased from Harlan Laboratories (Harlan, Indianapolis, IN). Rats 

were anesthetized with isoflurane gas inhalation, laid on their backs and covered with a 

sterile surgical drape. The surgical area was shaved and disinfected with providone iodine. 

An incision was made over the diaphysis of the tibia and the surrounding muscles were 
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moved aside using blunt dissection to expose the bone. A round perforation was made in the 

mid-diaphysis through the cortical bone using a 0.9-mm round dental bur. Marrow was 

excavated with an inverted cone dental bur and the marrow space was then flushed with 

sterile, physiological saline.

A time course study was first performed to determine the time at which neovascularization 

was greatest. The marrow space was left empty, and the covering muscles were returned to 

their normal positions and the skin incision was closed with wound clips. Immediately after 

recovery from anesthesia, rats were injected with buprenorphine to relieve pain. Animals 

had access to food and water ad libitum for the duration of the study. At days 3, 6, 14, 21, 

and 28 postablation, animals (n = 3) were perfused-fixed and imaged as described below. 

Based on the results of the time course study, 14-days post-ablation was selected as the 

endpoint for the DBM + NaHY study.

To examine the role of NaHY in promoting neovascularization during endosteal bone 

formation, we ablated the marrow of rat tibias and injected test compounds (v ~ 125 μL) 

corresponding to the groups outlined in Table I. The left hind tibias of n = 9 animals were 

ablated for each group.

Vascular perfusion

Following anesthetization, the abdominal cavity of rats was opened and the internal organs 

were moved aside. A 22-gauge 1″ catheter was inserted into the descending aorta and the 

caudal vena cava was severed to allow for the vasculature to be flushed. About 250 μL of 

heparin (1000 U mL−1) was injected into the catheter to prevent clotting of the blood. The 

vasculature was flushed with 0.9% normal saline using a peristaltic pump set to a flow rate 

of 15 mL min−1. Specimens were subsequently pressure fixed with 10% neutral buffered 

formalin. Formalin was flushed from the vessels with 0.9% normal saline, and the 

vasculature was injected with a radio-opaque silicone rubber compound containing lead 

chromate (Microfil MV-122, Flow Tech, Carver, MA), according to the manufacturer’s 

protocol. Animals were stored at 4°C overnight to allow for contrast agent polymerization. 

Rat hind limbs were dissected from the specimens and soaked for 4 days in 10% neutral 

buffered formalin to ensure complete tissue fixation prior to μCT imaging.

μCT image analysis

Tissue samples were imaged using a high-resolution desktop micro-CT imaging system 

(vivaCT, Scanco Medical, Bassersdorf, Switzerland) as described by Duvall et al.31 Briefly, 

samples were imaged using a 36-μm voxel size with a voltage of 55 kV and a current of 109 

μA. Serial image sections were created in a 1024 × 1024 pixel image matrix. Serial 

tomograms were reconstructed from raw data using a cone beam filtered back-projection 

algorithm.32 Noise was reduced using a low pass Gaussian filter (sigma = 1.2, support = 2). 

The serial tomograms were globally thresholded based on X-ray attenuation and used to 

render binarized three dimensional (3D) volume images of the repair gap vascular network. 

The parameters for three dimensional vascular morphology (vessel volume, number, 

connectivity, thickness, and spacing) were determined using the method described in detail 
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by Duvall et al.31 and were quantified with histomorphometric analysis based on direct 

distance transform methods.33,34

Histology

Following decalcification and μCT imaging, samples were embedded in paraffin, and 

sectioned along the sagittal plane. The 5-μm sections were stained with haematoxylin and 

eosin (H&E) to assess vascular structures. The number of blood vessels within the ablated 

marrow space was counted in four serial sections from each sample and the values were 

averaged to obtain the mean blood vessel number for each treatment group.

Statistical analysis

Both μCT and histology data from each group were analyzed by ANOVA and when 

statistical differences were detected, Student’s t test for multiple comparisons using 

Bonferroni’s modification was used. p values < 0.05 were considered statistically 

significant.

RESULTS

Ablated, perfused tibias were imaged using μCT to examine the bone [Fig. 1(A)] and 

surrounding vasculature [Fig. 1(B)]. Samples were subsequently incubated for 72 h at 22°C 

in formic acid (CalEx II, Fisher Scientific, Pittsburgh, PA) to decalcify the bone and 

facilitate image segmentation of the vasculature both surrounding [Fig. 1(C)] and within 

[Fig. 1(D)] the ablated tibias. The region of interest (ROI) in 2D serial sections for vascular 

morphology analysis was determined by using the 2D sections of calcified images as a 

template for the selection of the appropriate area for the ablated marrow space. Assessment 

of the 3D vascular morphology for both the time course study and the NaHY + DBM study 

was done using the results based on the images like the one shown in Figure 1(D).

Neovascularization within the marrow cavity varied as a function of time post-ablation. Peak 

blood vessel volume within the marrow cavity was observed on day 14 [Fig. 2(A)] and was 

significantly higher at this time than at all other time points examined (p < 0.05). Similarly, 

blood vessel connectivity also reached its maximum at day 14 [Fig. 2(B)]. μCT analyses of 

blood vessel number [Fig. 2(C)], vessel thickness [Fig. 2(D)], and vessel spacing [Fig. 2(E)] 

did not reveal any significant differences amongst any of the time points examined. 

However, it should be noted that on day 14 post-ablation, a moderate increase in blood 

vessel number and a corresponding in decrease in blood vessel spacing was observed. The 

average diameter of blood vessels in the marrow remained constant at all time points. Based 

on these data, it was determined that at 14-days post-ablation, neovascularization occurring 

within the ablated marrow cavity is at its peak and this time point was selected as the 

endpoint for the NaHY + DBM study.

μCT analysis showed that neovascularization within the marrow cavity at 14-days post-

ablation was sensitive to the formulations of NaHY and NaHY + DBM that were injected 

into the marrow space. DBM alone increased the total blood vessel volume fraction in the 

ablated marrow space compared to heat inactivated DBM (p < 0.05) and empty defects (not 

significant). Addition of low MW NaHY to DBM further enhanced blood vessel volume 
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within ablated marrows compared to empty defects, heat inactivated DBM and DBM alone. 

High MW NaHY, low MW NaHY, and high + low MW NaHY by themselves displayed 

moderate increases in total vessel volume compared to empty defects, although none of 

these were significant [Fig. 3(A)]. Similar to total blood vessel volume, the combination of 

low MW NaHY with DBM increased blood vessel connectivity compared to empty defects, 

DBM alone and NaHY alone. High and low MW NaHY decreased blood vessel connectivity 

compared to DBM alone [Fig. 3(B)].

Three dimensional μCT analysis of vessel number showed that all three formulations of 

NaHY administered either alone or in combination with DBM as well as DBM alone 

increased the total number of blood vessels in ablated marrows compared to empty defects 

and heat inactivated DBM [Fig. 3(C)]. The average vessel diameter in the ablated marrow 

space was found to decrease in low MW NaHY and high + low MW NaHY groups 

compared to empty defects. High MW NaHY + DBM showed the lowest average vessel 

diameter amongst all treatment groups [Fig. 3(D)].

When combined with DBM, NaHY also increased the total volume fraction of radio-opaque 

tissue within the marrow cavity as observed by μCT. 31% DBM by itself did not have a 

larger bone volume fraction compared to empty defects, however the addition of low MW 

NaHY to 31% DBM significantly increased the volume of radio-opaque tissue within the 

marrow space compared to DBM alone. In addition, both high MW NaHY and low MW 

NaHY promoted new bone formation to a similar extent as DBM alone. The combination of 

high + low MW NaHY significantly reduced the formation of new bone compared to empty 

defects and DBM alone (Fig. 4).

To account for the volume occupied by the DBM within the ablated marrow cavities on 

reducing the volume available for neovascularization, we corrected the total blood vessel 

volume fraction in all experimental groups containing DBM. On the basis of observations 

from μCT scans, we estimated that DBM occupied ~60% of the ablated marrow space. 

Figure 4 shows the total blood vessel volume fraction adjusted to subtract the volume 

occupied by DBM. The results demonstrate that in both the low MW NaHY + DBM and the 

high + low MW NaHY + DBM groups that when the volume occupied by DBM in the 

ablated marrows is removed, the blood vessel volume fraction is significantly increased 

compared to the treatment groups containing either low MW NaHY or high + low MW 

NaHY alone, respectively (Fig. 5).

Haematoxylin and eosin stained sagittal sections of the treated tibias showed the presence of 

new bone. Blood vessel structures containing Microfil were visible in cuts from all treatment 

groups (Fig. 6). Histomorphometric analysis of total marrow cavity blood vessel number 

showed that addition of low MW NaHY significantly increased the number of blood vessels 

compared to empty defects, heat inactivated DBM, active DBM, and a combination of low 

MW NaHY + 31% DBM (Fig. 7). Addition of both high MW NaHY and a combination of 

high + low MW NaHY increased the number of blood vessels in the marrow cavity 

compared to heat inactivated DBM.
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DISCUSSION

Successful bone formation surrounding implants is dependent on the establishment of a 

patent vasculature at the bone-implant interface. This study demonstrates that NaHY 

increases the number of new blood vessels in the ablated marrow cavity and suggests that it 

is also helps to promote osteogenesis. Both high and low MW NaHY increased the total 

vessel number compared to empty defects, with a corresponding decrease in average vessel 

diameter. Determination of the number of vascular structures of mid-sagittal sections 

supported the μCT observations. Overall, addition of low MW NaHY to DBM resulted in an 

increase in the total vessel volume fraction and vessel connectivity within ablated marrows. 

In addition, a combination of low MW NaHY + DBM resulted in an increase in bone 

volume fraction compared to empty defects, DBM alone, and NaHY alone. This suggests 

that low MW NaHY may enhance osteogenesis when combined with DBM via increased 

vascularity as confirmed by greater numbers of smaller vessels.

Bone is a highly vascularized tissue, and the link between bone formation and vascular 

invasion is well established. 35 Vascularization of cartilage is a prerequisite for bone 

formation during growth and development36 and the development of a vascular bed is 

necessary during fracture healing and bone repair and regeneration to allow for the 

migration of osteoprogenitor cells to the healing site as well as to supply oxygen and 

nutrients and allow for removal of waste.37

DBM is a commonly used bone graft substitute, because of its osteoconductive and 

osteoinductive properties. However, VEGF expression and micro-vessel density (MVD) are 

low during bone healing with DBM compared to autologous bone and synthetic bone graft 

substitutes.3,38 When DBM was used in a rat craniotomy defect together with a pro-

angiogenic compound, both new bone formation and MVD were increased.39 In a similar 

manner, hyaluronic acid may serve to stimulate neovascularization when combined with 

DBM during bone regeneration within ablated marrows of immunocompromised rats.

Effects of NaHY on cells have been previously shown to be dependent on the chain length 

of the polymer. High molecular weight hyaluronic acid serves as a structural polymer, 

sequestering growth factors and other signaling molecules.23 In addition, high molecular 

weight forms of NaHY inhibit endothelial cell proliferation and disrupt endothelial cell 

monolayers.14 On the other hand, short, oligomeric fragments of NaHY (less than 20 

monomers) have been found to be produced at sites of injury and within tumors.13 The short 

NaHY fragments bind to cell-surface hyaluronic acid receptor proteins such as CD-44, 

receptor for hyaluronan-mediated motility (RHAMM), and toll-like-receptor-4 (TLR-4).23 

Activation of these receptors on endothelial cells promotes their proliferation and migration, 

resulting in sprout formation and neovascularization.40 The ability of NaHY to promote 

neovascularization has been demonstrated both subcutaneously41 and in a murine epigastric 

skin flap model.42

High molecular weight hyaluronic acid is broken down in vivo by a class of enzymes called 

hyaluronidases.43 In particular, hyaluronidase-1 (HYAL-1) is responsible for the generation 

of short, pro-angiogenic hyaluronic acid oligomers. 18 The generation of these hyaluronic 
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acid oligomers is significantly increased at sites of injury and inflammation. 43,44 While no 

examination of hyaluronidase expression was performed in this study, it is possible that 

following injection of NaHY within the ablated marrow, expression of HYAL-1 is 

increased, resulting in the breakdown of NaHY into smaller fragments, which bind to CD-44 

receptors present on endothelial cells, promoting neovascularization during bone formation.

In our model of tibial marrow ablation, we observed that after 14 days, DBM particulates 

were still present within the ablated marrow cavities. On the basis of μCT as well as 

histology observations, we estimated that DBM occupied ~ 60% of the total marrow cavity. 

This results in a decrease in the total volume available for blood vessel invasion. We have 

demonstrated in this study that the enhanced neovascularization observed in ablated 

marrows treated with low MW NaHY + DBM is further increased when we account for the 

volume occupied by the DBM, indicating that the neovascularization induced by NaHY is 

further stimulated by the presence of DBM.

μCT imaging has been shown to be a good model for the three dimensional analysis of 

vascular structures in vivo. The ability of μCT to detect smaller vessels and capillaries is 

dependent on the resolution of the imaging system and has been investigated 

previously.45,46 In the present study, three dimensional reconstructions of the vasculature 

were generated using a voxel size of 36 μm. It is possible in our model of vascular perfusion 

that the resolution of the μCT imaging system was unable to detect all of the capillaries 

present in the marrow space, however, a 36-μm voxel size has been demonstrated to provide 

a good analysis of the three dimensional vascular network.31

This study was designed to limit the number of animals required to meet the experimental 

objectives. By using μCT and H&E of decalcified tissues to quantify blood vessel number 

and volume, all measurements could be made on a single set of animals. For this reason, 

only static histomorphometry was performed. We did not do dynamic measurements 

requiring undecalcified sections and fluorochrome labeling. H&E and Microfil were 

sufficient to identify vascular structures, and for this reason we did not perform 

immunohistochemistry for endothelial markers like PCAM-1 or von Willebrand’s factor. 

Importantly, the histologic analysis supported the μCT data with regards to blood vessel 

number.

In conclusion, we have shown here that normal bone healing after tibial marrow ablation is 

accompanied by an increase in neovascularization within the marrow space, peaking at 14-

days post ablation. We also show that NaHY stimulates new blood vessel formation during 

new bone formation during healing when used as a carrier for DBM. In particular, low 

molecular weight (35 kDa) NaHY + DBM resulted in increases in total blood vessel volume 

and total bone volume in ablated limbs. The contribution of the vascularization to 

remodeling isn’t known. In an orthotopic site, low molecular weight NaHY might contribute 

to bone formation by both supporting MSC and progenitor cell migration in early phases of 

healing and vascular ingrowth as the NaHY is degraded to smaller fragments. However, as a 

whole, the data suggest that the increase in neovascularization due to the NaHY may 

enhance overall bone formation when used as a carrier.
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FIGURE 1. 
To demonstrate feasibility of the procedure, at the time of harvest, rat vasculature was 

perfused-fixed using 10% formalin and a radio-opaque silicone-based contrast agent 

(Microfil, Carver, MA). Ablated, perfused tibias were imaged using μCT to examine the 

bone (A) and surrounding vasculature (B). Tissues were subsequently decalcified and 

imaged with μCT a second time to isolate the vasculature both surrounding (C) and within 

(D) the ablated tibias.
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FIGURE 2. 
Time course of neo-vascularization following tibial marrow ablation. At days 3, 6, 14, 21, 

and 28 post-ablation, rats were perfused-fixed with Microfil (Flow-Tech, Carver, MA) and 

imaged using μCT. (A) Marrow cavity vessel volume fraction, (B) vessel connectivity, (C) 

vessel number, (D) vessel thickness, and (E) vessel spacing were quantitatively assessed. 

Data are presented as the mean ± SEM of three animals for each time point. *p < 0.05 versus 

all other time points.
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FIGURE 3. 
Influence of DBM and NaHY on neo-vascularization after tibial marrow ablation. At 14 

days after marrow ablation and injection of test compounds, rats were perfused-fixed with 

Microfil and imaged with μCT. (A) Marrow cavity vessel volume fraction, (B) vessel 

connectivity, (C) vessel number, and (D) average vessel diameter (vessel thickness). Data 

are presented as the mean ± SEM of nine animals per group. *p < 0.05 versus empty 

defect; #p < 0.05 versus inactive + NaHY; $p < 0.05 versus active + saline; @p < 0.05 versus 

no DBM.
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FIGURE 4. 
Marrow cavity new bone volume. μCT was used to assess the volume of new bone within 

marrow cavities 14 days after ablation. *p < 0.05 versus empty; #p < 0.05 versus inactive + 

NaHY; $p < 0.05 versus active + saline; @p < 0.05 versus no DBM.
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FIGURE 5. 
Corrected total blood vessel volume fraction. μCT total blood vessel volume fractions were 

adjusted to account for the volume occupied by the DBM within the ablated marrow space. 

Data are presented as the mean ± SEM of nine animals per group. *p < 0.05 versus empty 

defect; #p < 0.05 versus inactive + NaHY; $p < 0.05 versus active + saline; @p < 0.05 versus 

no DBM.
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FIGURE 6. 
Representative histological sections of ablated tibias. Following μCT imaging, ablated tibias 

were embedded in paraffin and processed for histology. Sections were stained with 

haematoxylin and eosin. Arrows indicate the presence of vascular structures containing 

Microfil. Groups analyzed were (A) empty defect, (B) Inactive + NaHY, (C) Active + 

Saline, (D) High MW NaHY + 31% DBM, (E) Low MW NaHY + 31% DBM, (F) High + 

Low MW NaHY + 31% DBM, (G) High MW NaHY, (H) Low MW NaHY, and (I) High + 

Low MW NaHY.

Raines et al. Page 17

J Biomed Mater Res A. Author manuscript; available in PMC 2015 January 16.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



FIGURE 7. 
Effect of tibial marrow ablation on average vessel number within the marrow cavity 14-days 

post-ablation, determined by histomorphometry. *p < 0.05 versus empty defect; #p < 0.05 

versus inactive + NaHY; $p < 0.05 versus active + saline; @p < 0.05 versus no DBM.
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TABLE I

Materials Injected into the Medullary Canal Following Marrow Ablation

Group No. Carrier DBM Comments

A No carrier No DBM Empty defect

B Carrier I: 3.8–4.0% solution of 700–800 kD NaHY in PBS 
buffer pH 7.4

31% Heat denatured DBM; negative control for test 
system

C 0.9% Saline 31% No NaHY carrier, DBM baseline

D Carrier I: 3.8–4.0% solution of 700–800 kD NaHY in PBS 
buffer pH 7.4

31% Represents commercial DBX® putty

E Carrier II: 3.8–4.0% solution of 35 kD NaHY in PBS buffer pH 
7.4

31% Low MW NaHY carrier with 31% DBM

F Carrier I 50:50 Carrier II mixture 31% Equal mixture of the two carriers with 31% 
DBM

G Carrier I: 3.8–4.0% solution of 700–800 kD NaHY in PBS 
buffer pH 7.4

0% Carrier for commercial DBX putty, no DBM

H Carrier II: 3.8–4.0% solution of 35 kD NaHY in PBS buffer pH 
7.4

0% Low MW NaHY carrier only, no DBM

I Carrier I 50:50 Carrier II mixture 0% 50:50 mixture of the two carriers only, no DBM

A total of n = 9 animals were used per each treatment group.
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