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Abstract

Peptide amphiphile (PA) nanofibers formed by self-assembly can be customized for specific 

applications in regenerative medicine through the use of molecules that display bioactive signals 

on their surfaces. We report here on the use of PA nanofibers with binding affinity for the bone 

promoting growth factor BMP-2 to create a gel scaffold for osteogenesis. With the objective of 

reducing the amount of BMP-2 used clinically for successful arthrodesis in the spine, we used 

amounts of growth factor incorporated in the scaffolds that are 10 to 100 times lower than that 

those used clinically in collagen scaffolds. The efficacy of the bioactive PA system to promote 

BMP-2-induced osteogenesis in vivo was investigated in a rat posterolateral lumbar intertransverse 

spinal fusion model. PA nanofiber gels displaying BMP-2-binding segments exhibited superior 

spinal fusion rates relative to controls, effectively decreasing the required therapeutic dose of 

BMP-2 by ten-fold. Interestingly, a 42% fusion rate was observed for gels containing the bioactive 

nanofibers without the use of exogenous BMP-2, suggesting the ability of the nanofiber to recruit 

endogenous growth factor. Results obtained here demonstrate that bioactive biomaterials with 

capacity to bind specific growth factors by design are great targets for regenerative medicine.
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1. Introduction

Pseudarthrosis--the non-union of bone in fractures, therapeutic bone fusions, or skeletal 

defects--remains a significant clinical challenge despite recent advances on implantable 

medical devices and use of biologics such as growth factors. In the United States alone, 

current estimates suggest that over 200,000 spine fusion procedures are performed annually 

with pseudarthrosis reported to be as high as 10–15% overall and as high as 48% in 

posterolateral inter-transverse process lumbar fusions [1,2]. In addition, approximately 6 

million bone fractures are reported to occur annually with 10% resulting in delayed or 

impaired healing [2,3]. With increasing average life expectancy, the burden of 

musculoskeletal disease will become more prominent, and thus there is a great demand for 

improved treatment methods to maintain quality of life.

Recombinant human bone morphogenetic protein-2 (BMP-2) in combination with an 

absorbable type I collagen sponge is a bone graft substitute widely used in challenging 

healing environments such as osteoporosis, nonunion repair, and multilevel fusions. As a 

critical growth factor that greatly influences the osteoinductivity of bone grafts, BMP-2 

delivered on a collagen sponge has demonstrated highly enhanced bone formation in long 

bone defect repairs and spinal arthrodesis [4]. However, efficient healing requires 

supraphysiologic doses of the cytokine, which may lead to surgical complications including 

bone resorption, graft migration, hematoma formation, radiculitis, and heterotopic 

ossification [5–9]. The challenges associated with the current use of BMP-2 have led to an 

extensive search for more optimal scaffolds that can reduce the therapeutic dose of the 

cytokine and thus lower the potential risks [10,11]. One proven approach is the development 
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of biomaterials that can release one or more growth factors with controlled kinetics [12–14]. 

In addition, recent efforts have been made to develop biomimetic materials that not only 

better retain the therapeutic agent, but also provide an artificial extracellular environment 

that mimics the endogenous healing process, thereby maximizing the bioactivity of the 

therapeutic [15–17].

Our laboratory has pioneered the use of peptide amphiphile (PA) molecules as building 

blocks to create biomaterials for regenerative medicine. These PAs are designed to self-

assemble in aqueous conditions into high-aspect-ratio nanofibers that are biomimetic of 

extracellular filaments measuring approximately 10 nanometers in diameter and microns in 

length. Their formation is driven mainly by secondary interactions such as collapse of 

hydrophobic molecular segments away from an aqueous environment and hydrogen bonding 

among peptide segments leading to β-sheet secondary structure [18]. These supramolecular 

nanofibers are programmed to display a high surface density of biological cues and this way 

function as artificial extracellular matrices (ECM) for regenerative medicine [19]. Previous 

examples include repair of the central nervous system [20] and cartilage [21], 

neovascularization of ischemic heart tissue [22], enamel growth [23], and bone repair [24,25], 

among others. In vivo, gel scaffolds of PA nanofibers have shown desirable rates of 

biodegradation on the order of weeks [20,26].

In prior studies, PAs have also been utilized as therapeutic gels with prolonged release of 

growth factors [21,27,28]. Other groups have shown that heparan sulfate-like 

glycosaminoglycans (HSGAGs), which are rich in sulfo- and carboxyl-groups, bind and 

localize growth factors and enhance their signaling by facilitating ligand-receptor 

interactions [29,30]. Our laboratory previously designed a PA bearing a Cardin-Weintraub 

heparin-binding domain such that nanofibers formed by this molecule would bind HSGAGs, 

creating a biomimetic matrix. This heparin-binding PA (HBPA) gel exhibited substantial 

neovascularization in a rat cornea angiogenesis model using only nanogram quantities of 

angiogenic growth factors [27,31]. Interestingly, the HBPA-polysaccharide gel without 

exogenous growth factors was sufficient to promote the formation of new vasculature in a 

mouse dorsal skinfold chamber model [26]. Furthermore, the HBPA system exhibited 

enhanced bone regeneration with a high probability of bridging in a rat critical-size femur 

defect model using only 1 μg BMP-2, a dose that is less than one tenth of the required dose 

for union in that model [28]. In a separate study, we designed a PA with a binding segment to 

transforming growth factor β-1 (TGFβ-1) with the aim of creating a nanofiber matrix that 

could localize and recruit endogenous cytokine [21]. The supramolecular gel prepared by co-

assembling this bioactive PA with a diluent PA that lacks the binding sequence promoted 

regeneration of articular cartilage in a rabbit chondral defect microfracture model even 

without the addition of exogenous TGFβ-1.

In the present study, we report on the development of a self-assembling PA system that can 

bind both endogenous and exogenous BMP-2 for use in bone regeneration. The PA 

molecule design contains a carboxyl-rich peptide domain (E3) as well as a peptide segment 

with BMP-2-binding affinity, NH2-TSPHVPYGGGS-COOH, which was identified 

previously in our laboratory using phage display [32]. This BMP-2-binding PA is evaluated 

co-assembled with negatively charged diluent molecules to space the BMP-2-binding 
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segment. In vitro studies were performed to investigate the influence of this PA system and 

suitable controls on BMP-2-induced differentiation of C2C12 pre-myoblasts into an 

osteogenic lineage. Furthermore, we tested in vivo the system's ability to promote 

osteogenesis in the clinically relevant procedure of spinal fusion, using a rat posterolateral 

lumbar intertransverse model.

2. Results

2.1. Design and characterization of the BMP-2-binding PA

The BMP-2-binding PA (BMP2b-PA) was designed to display a BMP-2-binding peptide 

sequence on the surface of the nanofibers (Figure 1). Since phage-displayed peptides are 

linked via the C terminus, we covalently attached at this terminus a carboxyl-rich E3 domain 

and an A3V3 β-sheet-forming domain, followed by a terminal lysine with a C12 alkyl chain 

linked to the ε-amino group (Figure 1A). This sequence is used to promote supramolecular 

self-assembly into cylindrical nanofibers. The diluent PA was designed without the 

bioactive segment and contains only the E3 domain linked at the N terminus a A3V3 β-sheet-

forming domain, followed by a C16 alkyl chain (Figure 1A). The alkyl lengths of the two 

PAs were selected to match the length of the hydrophobic moieties of these two molecules. 

Repeated units of valines and alanines found in the BMP-2-binding PA and the diluent PA 

have been shown to promote self-assembly of other PA molecules into nanofibers via β-

sheet formation along the length of the fibers [33]. Here, our circular dichroism (CD) studies 

verified that both PAs exhibited spectra that are indicative of β-sheets with a maximum near 

195 nm and a minimum near 216 nm (Figure 1B). The β-sheet signature of the diluent PA 

was red-shifted, a feature associated with twisting of the secondary structure [33]. The 

BMP-2-binding PA and the diluent PA were co-assembled in aqueous conditions to form the 

diluted BMP-2-binding PA (D-BMP2b-PA), which should display the binding segment on 

the nanofiber surface with higher accessibility to the protein than the BMP-2-binding PA 

alone (Figure S1 of the Supporting Information (SI)). Cryogenic transmission electron 

microscopy (cryo-TEM) revealed the formation of self-assembled cylindrical nanofibers for 

the diluent PA, BMP-2-binding PA, and the diluted BMP-2-binding PA (Figure 1C). The 

diluent PA formed high-aspect-ratio nanofibers measuring microns in length, whereas the 

BMP-2-binding PA formed nanofibers with submicron lengths. When these two PAs were 

co-assembled at 1:1 weight ratio, we also observed high-aspect-ratio cylindrical nanofibers.

To assess PA nanofiber stability, we measured the critical micelle concentration (CMC) of 

PAs by Nile red fluorescent probe assay [34]. At pH 7.4, the supramolecular assembly of the 

BMP-2-binding PA was detected at above 666 nM (1.5 μg/mL), and that of the diluent PA 

was detected at above 1 μM (1.2 μg/mL) (Figure S2 of the SI). We also investigated the 

binding affinities of the PAs to BMP-2 by surface plasmon resonance (SPR) using 

hexahistidine-tagged BMP-2 (His-BMP-2) that was immobilized on the surface via nickel 

(II)-nitrilotriacetic acid (Ni2+-NTA) chelation [35]. As a control, the BMP-2-binding PA (1 

μM, pH 7.4) was injected to a bare NTA-dextran chip, and we observed non-specific binding 

of the PA to the surface (Figure S3 of the SI). We speculate that the fibrillar nanostructures 

can be entangled to the NTA-dextran surface. To circumvent this, we prepared the BMP-2-

binding PA at pH 8.4, where more glutamic acid residues will be deprotonated to induce 

Lee et al. Page 4

Adv Healthc Mater. Author manuscript; available in PMC 2016 January 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



greater electrostatic repulsion between the PA molecules, and sonicated the solution to 

further break up the supramolecular assembly. Consequently, the CMC measurements of the 

two PAs revealed disruption of the assembly at pH 8.4 (Figure S2). This BMP-2-binding PA 

prepared at pH 8.4 also showed minimal binding to the NTA-dextran surface (Figure S3). 

Hence, for the SPR analysis, we immobilized His-BMP-2 on the Ni2+-NTA surface at pH 

7.4 and injected the BMP-2-binding PA or the diluent PA solutions that were prepared at pH 

8.4 (Figure 2). The best fit was obtained by using the 2:1 binding model, which had two 

dissociation constants: a major dissociation constant (kd,1) and a minor dissociation constant 

(kd,2) with the ratio of their contributions (R1/R2). By using the major dissociation rate and 

the association rate (ka), we found that the BMP-2-binding PA had a lower KD (3.7×10−8 M) 

than the diluent PA (2.1×10−6 M), suggesting a higher binding affinity to BMP-2.

2.2. PA nanofibers in solution enhance BMP-2-induced osteogenesis in vitro

C2C12 pre-myoblast cells have been used as a model to probe the mechanism by which 

extracellular components such as heparin or heparan sulfate potentiate BMP-2-induced 

osteoblast differentiation [36,37]. In this study, we used C2C12 cells to investigate the ability 

of PA nanofibers to modulate BMP-2 activity in vitro (Figure 3). We also used porcine 

heparin as a positive control. Initial studies verified that the diluent PA, the BMP-2-binding 

PA, the diluted BMP-2-binding PA, and heparin at 10 μg/mL did not induce cytotoxicity in 

C2C12 cells (Figure S4 of the SI).

We then sought to compare the effect of PA nanofibers on alkaline phosphatase (ALP) 

activity, a marker for osteoblast differentiation (Figure 3A). Based on our dose-response 

pilot for the effect of BMP-2-mediated C2C12 differentiation into osteogenic cells (Figure 

S5 of the SI), 50 ng/mL BMP-2 was selected as a fixed treatment condition for our in vitro 

studies. As reported previously by Zhao et al. [36], enzymatic labeling revealed a directly 

proportional association of the number of ALP-positive cells with heparin concentrations up 

to 10 μg/mL (Figure 3B, top row). We also observed an increased number of ALP-positive 

cells when treated with the diluent PA, which lacks the protein-binding moiety (Figure 3B, 

second row). Treatment with exogenous BMP-2 in the presence of the BMP-2-binding PA 

also showed a slight increase in the number of ALP-positive cells at 10 μg/mL PA 

concentration (Figure 3B, third row). Interestingly, we observed that the diluted BMP-2-

binding PA exhibited the highest increase in the number of ALP-positive cells after 3 days 

of treatment (Figure 3B, bottom row). We then quantified the ALP activity of C2C12 cells 

and observed that all PA systems significantly increased ALP activity at 1 and 10 μg/mL in 

comparison to BMP-2 alone (Figure 3C). At a dose of 10 μg/mL, the diluted BMP-2-binding 

PA resulted in significantly higher ALP activity than heparin (P < 0.05), as well as the 

diluent PA or the BMP-2-binding PA alone (P < 0.01). Without the presence of BMP-2, we 

observed that PAs and heparin did not promote ALP expression in these cells (Figure 3D). 

Furthermore, we tested a PA similar in design to the diluent PA but with positively charged 

lysine residues, and we did not observe any enhancement of BMP-2-induced ALP activity at 

the same PA concentration range (Figure S6 of the SI). Overall, we observed that the 

negatively charged residues on the PA molecules played a crucial role in augmenting 

BMP-2-induced osteoblast differentiation and the addition of the BMP-2-binding epitope at 

an appropriate density further enhanced the potency of the growth factor.
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In order to further assess the effect of PA systems on BMP-2 activity, we examined changes 

in the expression of osteogenic genes in C2C12 cells, including Runx2, Osterix (Osx), and 

osteocalcin (Ocn) (Figure 3E). The mRNA levels from treatments with BMP-2 in 

combination with the diluent PA, the BMP-2-binding PA, the diluted BMP-2-binding PA, 

and heparin at 10 μg/mL led to enhanced osteoblastic differentiation relative to BMP-2 

alone. The diluted BMP-2-binding PA system showed the highest increase in Runx2, Osx, 

and Ocn relative to growth factor alone (P < 0.001). Furthermore, the diluted BMP-2-

binding PA led to gene expressions that were significantly higher (P < 0.05) than the 

BMP-2-binding PA or diluent PA alone.

2.3. PA nanofiber gel prolongs growth factor retention

In order to develop therapeutic materials to promote bone regeneration, we tested the ability 

of the BMP-2-binding PA system to form gels and studied their BMP-2 release kinetics 

(Figure 4). Since the BMP-2-binding PA when used alone showed the least enhancement of 

BMP-2-induced activity in C2C12 cells, only the diluted BMP-2-binding PA and the diluent 

PA were further characterized. Indeed, both PAs were able to form self-supporting gels upon 

mixing with calcium chloride solution (Figure 4A). Scanning electron microscopy (SEM) 

verified the presence of nanofibers in these gels (Figure 3B). Rheological analysis confirmed 

that both PAs at 10mg/mL (or 1 wt%) exhibited gel-like properties with storage moduli (G') 

approximately one order of magnitude higher than the loss moduli (G”) across the tested 

frequency range of 1–100 s−1 (Figure 3C). When comparing the two PA systems, the diluted 

BMP-2-binding PA had G' and G” values that were lower than those of the diluent PA, 

respectively. BMP-2 release from these PA gels was evaluated via ELISA (Figure 3D). 

Upon initial loading of 50 ng BMP-2, we observed comparable loading efficiencies in the 

diluted BMP-2-binding PA gel, the diluent PA gel, and a conventional absorbable collagen 

sponge: 99.0%, 99.5%, and 98.4%, respectively. Over time, we observed a prolonged 

retention of the cytokine from both PA gels in comparison to the collagen sponge. After 28 

days in vitro, the amount of BMP-2 released from the collagen sponge was approximately 

4.2 ± 0.3 ng, which was more than double the amount of protein released from the diluted 

BMP-2-binding PA gel (1.6 ± 0.1 ng) and the diluent PA gel (1.3 ± 0.1 ng). Furthermore, we 

tested the ability of the PA gels to capture the growth factor from the medium that contained 

25 ng BMP-2 (Figure 3E). After 4 h in vitro, the amount of BMP-2 bound on the diluted 

BMP-2-binding PA gel (15.5 ± 5.5 ng) was significantly greater than that on the diluent PA 

gel (6.4 ± 0.7 ng). After 16 h, we found no significantly difference in the amount of growth 

factor bound on the two gels.

2.4. BMP-2-binding PA gel augments spinal fusion

In order to verify in vivo the efficacy of the BMP-2-binding PA to promote BMP-2-induced 

osteogenesis and to identify the ideal proportions of the binding and diluent PAs, we utilized 

a mouse muscle pouch model to assess ectopic bone formation following implantation of 

various gel formulations impregnated with 1 μg BMP-2. After 2 weeks, radiographs 

revealed that the 50%-diluted BMP-2-binding PA gel exhibited new bone that was 

qualitatively more localized and larger in size than those formed by the 10%-diluted BMP-2-

binding PA gel or the 100% BMP-2-binding PA gel (Figure S7 of the SI).
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With the objective of investigating the translational potential of the supramolecular 

nanofibers, we evaluated next the ability of the BMP-2-binding PA system to promote bone 

formation and spine arthrodesis in a well-established rat posterolateral lumbar 

intertransverse spinal fusion model (Figure 5). In this model the bone healing process is 

initiated at the fusion bed site between L4 and L5 transverse processes [38,39]. Based on both 

in vitro as well as the ectopic bone formation results, the 50%-diluted BMP-2-binding PA 

was selected as the treatment condition for the spinal fusion study. Hence, the diluted 

BMP-2-binding PA gel, the diluent PA gel, and the collagen sponge were preloaded with 

BMP-2 doses of 0, 0.1, to 1 μg per animal and applied to bridge the decorticated L4 and L5 

transverse processes (Table 1). Eight weeks post-treatment, blind manual palpation scores 

demonstrated that treatments with the diluted BMP-2-binding PA gel elicited the highest 

fusion scores relative to other conditions with equivalent doses of BMP-2 (Figure 5A). We 

observed that the diluted BMP-2-binding PA with 1 μg BMP-2 was the only treatment that 

showed an average fusion score (2.4 ± 0.0) that was comparable to treatment with 10 μg 

BMP-2 in collagen sponge (clinical positive control; 2.2 ± 0.1). When preloaded with 1 μg 

BMP-2, the diluted BMP-2-binding PA gel resulted in a significantly higher fusion score (P 

< 0.001) than the diluent PA gel (1.4 ± 0.2) or collagen sponge (1.0 ± 0.2). At 0.1 μg 

BMP-2, the diluted BMP-2-binding PA gel elicited an average fusion score (0.6 ± 0.2) was 

significantly higher (P < 0.01) than the effectively zero fusion score for a collagen sponge. 

At this dose of growth factor, the average fusion score of the diluent PA gel (0.4 ± 0.1) was 

also significantly higher (P < 0.05) than that of the collagen sponge. Remarkably, we 

observed that the diluted BMP-2-binding PA gel alone without any exogenous growth factor 

elicited a significantly greater fusion score (0.6 ± 0.2) than the other treatments (P < 0.05).

Fusion rates followed the same trend from average fusion scores, with the diluted BMP-2-

binding PA gel generally outperforming the other treatments at all doses of BMP-2 (Figure 

5B). When preloaded with 1 μg BMP-2, the collagen sponge, the diluent PA gel, and the 

diluted BMP-2-binding PA gel elicited fusion rates of 67%, 75%, and 100%, respectively. It 

is notable that the 100% fusion rate seen with 10 μg BMP-2 on collagen sponge (positive 

control) was achievable with only 1 μg BMP-2 when delivered in the diluted BMP-2-

binding PA gel. With 0.1 μg BMP-2, both the collagen sponge and diluent PA gel resulted in 

fusion rates of 0%, whereas the diluted BMP-2-binding PA gel resulted in a fusion rate of 

33%. Interestingly, as seen in the fusion score analysis, we observed a 42% fusion rate when 

treated with the diluted BMP-2-binding PA without the addition of BMP-2.

In order to quantify the amount of new bone formed in the transverse processes, we 

performed quantitative analysis of μCT reconstructions of the samples that were successfully 

fused (Table 1). In all of the conditions, the diluted BMP-2-binding PA gel with 1 μg 

BMP-2 had by far the highest mean volume of new ossified tissue (460.6 ± 65.3 mm3) 

relative to all other treatments (Figure 5C). This mean volume was significantly greater (P < 

0.001) than those observed in animals treated with 1 μg BMP-2 in the diluent PA gel (112.7 

± 41.4 mm3) or in the collagen sponge (135.9 ± 15.9 mm3) by at least a factor of three. In 

addition, treatment with 0.1 μg BMP-2 delivered in the diluted BMP-2-binding PA gel 

exhibited on average new bone volume (162.1 ± 54.5 mm3) that was similar to those treated 

with BMP-2 at a dose ten-fold higher (10 μg) in the diluent PA gel or the collagen sponge. 
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Following the trend from the manual palpation analysis, we also observed by μCT 

evaluation the presence of new bone formed by the diluted BMP-2-binding PA gel that had 

no exogenous BMP-2 (212.2 ± 58.2 mm3), and this mean volume was comparable to those 

in animals treated with either the diluent PA gel or collagen sponge at all doses of BMP-2. 

Representative images from 3-D μCT rendering revealed that in all of the animals with 

successful fusion, the diluted BMP-2-binding PA gel was the only treatment that exhibited 

some degree of bilateral bridging of the L4 and L5 transverse processes at all BMP-2 doses, 

including the 0 μg dose (Figure 5D). Dorsal-ventral radiographs of these samples taken at 8 

weeks post-treatment verified fusion observed in μCT rendering (Figure S8 of the SI).

Histological analysis of spine specimens, using hematoxylin and eosin staining, confirmed 

the results from μCT measurements (Figure 6). Treatment with the diluted BMP-2-binding 

PA in the presence of 1 μg BMP-2 demonstrated robust fusion mass, and the cortical 

trabeculae from this sample was thicker and more abundant when compared to other groups 

containing 1 μg BMP-2. No evidence of a local inflammatory response was found in any of 

the specimens.

3. Discussion

We have demonstrated in this work the use of supramolecular nanofibers as a promising 

strategy to promote osteogenesis in spinal fusion. The BMP-2-binding PA showed enhanced 

BMP-2-induced osteoblast differentiation in vitro, and when prepared as a gel it exhibited 

prolonged retention of the growth factor. Our evaluation of this bioactive nanofiber gel in a 

rat posterolateral lumbar intertransverse spinal fusion model revealed a 100% fusion rate 

with increased bone formation when loaded with a BMP-2 dose ten-fold lower than that 

required for sufficient arthrodesis using a collagen sponge. Most importantly, a 42% spinal 

fusion rate was also achieved with the nanofiber gel alone without the addition of exogenous 

BMP-2. Overall, the efficacy demonstrated here supports the use of this PA system as a 

translatable approach to improve upon or even perhaps replace current clinical modes of 

BMP-2 use in the treatment of degenerative disc diseases and other spinal disorders.

Heparan sulfate-like glycosaminoglycans (HSGAGs), rich in sulfo- and carboxyl-groups, are 

known to potentiate osteogenesis induced by BMP-2 in vitro [40,41] and in vivo as 

well [36,37]. We have shown here that supramolecular nanofibers containing BMP-2-binding 

peptide sequences can mimic certain aspects of the natural polysaccharides and augment the 

BMP-2-induced osteoblast differentiation of C2C12 myoblasts in vitro. Our results also 

revealed that negatively charged diluent PA nanofibers can also enhance the BMP-2-induced 

osteoblast differentiation as measured through the increased ALP activity and expression of 

other osteogenic gene markers. Since BMP-2 is a basic growth factor with an isoelectric 

point near 9.0 [42], it is possible that the carboxyl residues on the nanofiber surface can bind 

BMP-2 by electrostatic attraction and exhibit heparin-like features which result in cell 

signaling. Also, we were able to verify the importance of the electrostatic attraction between 

the basic protein and the acidic PA by using a basic PA, which failed to enhance BMP-2-

induced osteoblast differentiation of C2C12 cells (Figure S6 of the SI). Furthermore, when 

this diluent PA was co-assembled with the BMP-2-binding PA at 1:1 weight ratio, the 

resulting supramolecular nanofiber system exhibited greater enhancement of BMP-2 activity 
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in comparison to either PA alone. In a previous investigation from our laboratory, we found 

that a PA bearing a cell adhesion epitope (RGDS) promoted optimal cell adhesion when 

diluted to 10% with diluent PAs lacking the epitope [43]. We therefore hypothesize here that 

the dilution of the BMP-2-binding PA results in enhanced display of the binding sequences 

on the nanofiber surface, thus facilitating optimal binding interactions between the peptide 

sequence and BMP-2.

Similar to PA systems that have been investigated previously as therapeutic gels with 

controlled growth factor release [21,27,28,44], we also observed in this study that the diluted 

BMP-2-binding PA gel and the diluent PA gel showed BMP-2 release rates that were much 

slower than the burst release observed from the absorbable collagen sponge. In addition, 

there was no significant difference in the release profiles between the two PA nanofiber gels 

after 28 days at physiological pH; the diluent PA gel even exhibited better BMP-2 retention 

than the diluted BMP-2-binding PA gel during the first 10 days. This is in contrast to the 

SPR analysis, which showed that the BMP-2-binding PA had a greater binding affinity to 

BMP-2 than the diluent PA. However, due to the non-specific interactions between the PA 

nanofibers and the NTA-dextran substrate at pH 7.4, the SPR analysis was performed at pH 

8.4 where there was minimal PA supramolecular assembly. Therefore, in the bulk PA gels, it 

is possible that the high charge density on the surface of the diluent PA nanofibers may elicit 

electrostatic binding to BMP-2 that was not captured by the SPR analysis. In this context, 

we have previously observed that a gel made of the diluent PA nanofibers exhibited a very 

strong binding to several growth factors and this binding was diminished when the PA was 

co-assembled at 10 mol% level with a different PA which decreased its surface charge 

density. However, when we co-assembled the diluent PA with the BMP2-binding PA, we 

did not observe the expected decrease in protein retention ability. This indicates that it is the 

BMP-2-binding epitope that is responsible for maintaining the same protein release profile 

even though the charge density has not been diminished. Interestingly, we observed a 

difference between these two PA gels in their abilities to capture the growth factor from the 

medium. After a 4 h incubation period, the diluted BMP-2-binding PA gel captured more 

BMP-2 than the diluent PA; however, BMP-2 captured by the two gels was comparable by 

16 h. Since the BMP-2-binding PA exhibited a greater binding affinity to BMP-2 than the 

diluent PA in the SPR analysis, it is possible that the bioactive epitope is able to capture the 

growth factor faster during the early incubation period. However, the non-specific, 

electrostatic binding of BMP-2 by the diluent PA is accumulated over time, resulting in 

comparable amounts of BMP-2 captured by the two gels.

Effective spinal arthrodesis in the model utilized here is known to occur with the use of a 

collagen sponge containing 10 μg BMP-2 [11,38]. In contrast the diluted BMP-2-binding PA 

gel investigated here led to 100% fusion rate with a high probability of bilateral bridging 

using only 1 μg BMP-2, thus reducing the required growth factor dose by 10-fold. On the 

other hand, the diluent PA gel with the same growth factor dose (1 μg) elicited a fusion rate 

of 75%. The difference in fusion rates between these two nanofiber systems suggests that the 

therapeutic efficacy observed with the BMP-2-binding PA is not only due to a prolonged 

retention of the cytokine within the bulk gel, but also due in part to the inherent bioactivity 

of the nanofibers. We hypothesize that once mesenchymal stem cells make contact with or 

enter the PA gels, the presentation of BMP-2 by the BMP-2-binding nanofibers within the 
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microenvironment potentiates protein signaling and promotes an enhanced osteogenesis. 

While this mechanism is strongly suggestive by our results, more work is needed to 

investigate the recruitment of progenitor cells in vivo.

We have also demonstrated a 42% spinal fusion rate with the use of the BMP-2-binding PA 

without any exogenous growth factor, whereas the diluent PA or collagen sponge did not 

show an innate ability to induce fusion. The average fusion mass volume by the bioactive 

PA was comparable to those treated with 1 μg BMP-2 incorporated in the diluent PA gel or 

the collagen sponge. These results suggest that the amount of endogenously expressed 

BMP-2 at the fusion bed site may be sufficient to promote osteogenesis in the presence of 

the bioactive nanofiber networks with specific protein-binding capacity. Similarly, heparan 

sulfate chains that are affinity-matched to BMP-2 have been reported to promote bone 

regeneration in a rabbit critical-size ulnar defect model by harnessing endogenously 

produced BMP-2 [45].

4. Conclusions

We have demonstrated that self-assembling PA nanofibers with binding affinity for BMP-2 

are effective in eliciting arthrodesis in a rat posterolateral lumbar intertransverse spinal 

fusion model. This BMP-2-binding PA system allowed a ten-fold reduction in the BMP-2 

dose necessary to achieve 100% fusion rate, and also promoted a spinal fusion rate of 42% 

without exogenous BMP-2. We propose that the observed efficacy in this translational 

model of bone regeneration is linked to the ability of the BMP2-binding nanofibers to 

potentiate osteogenesis signaling of both exogenously delivered and endogenously 

expressed growth factor. The bioactive nanofiber system is a promising approach to bone 

grafting for spine fusion without the undesirable side effects of high supraphysiologic doses 

of BMP-2.

5. Experimental Section

Materials

C2C12 myoblast cell line and DMEM were purchased from American Type Culture 

Collection (ATCC, Manassas, VA). C2C12 cells were used at passages 3 to 6. Heat 

inactivated HyClone fetal bovine serum (FBS) was purchased from Thermo Scientific 

(Hanover Park, IL). Commercial porcine mucosa-derived heparin sodium was purchased 

from Celsus Laboratories (Cincinnati, OH). Recombinant human BMP-2 was obtained from 

Medtronic Sofamor Danek (Minneapolis, MN).

PA synthesis and preparation

All PAs were synthesized using standard 9-fluorenyl methoxycarbonyl (Fmoc) solid-phase 

peptide synthesis and purified by reverse phase high performance liquid chromatography 

(HPLC) in a water-acetonitrile gradient, each containing 0.1% v/v ammonium hydroxide 

(NH4OH). PAs were synthesized with the following amino acid sequences and a carbon 

alkyl tail covalently attached: C12-(K)V3A3E3-SGGGYPVHPST-NH2 (BMP2b-PA) and 

C16-V3A3E3-COOH (diluent PA) [21,32]. Purified PA was stored at −20°C until use. For all 

studies, lyophilized BMP2b-PA and diluent PA were separately reconstituted in sterile 2 
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mM NH4OH at desired concentrations (wt%) and sonicated for 30 min. In order to space 

BMP-2-binding segments on the surface of the supramolecular nanofibers, the diluted 

BMP2b-PA (D-BMP2b-PA) was prepared by mixing equal volumes of BMP2b-PA and 

diluent PA at equal concentrations, followed by 30 min sonication; the final PA 

concentration of D-BMP2b-PA therefore remained the same as prior to mixing. All PAs 

were freshly dissolved for each experiment.

Circular dichroism (CD)

CD was performed on a J-815 CD spectrophotometer (Jasco, Easton, MD). PA samples 

were prepared at 1 wt%, then diluted to 0.01 wt% in 0.1 mM CaCl2. Measurements were 

collected at 37°C over a wavelength range of 280–180 nm with a 0.5 nm step size and five 

accumulations per scan.

Cryogenic transmission electron microscopy (cryo-TEM)

Cryo-TEM was performed on a JEOL 1230 microscope (JEOL USA, Peabody, MA) 

according to a previously described protocol [22]. PA samples were prepared at 1 wt%, then 

diluted to 0.5 wt% in 0.1 mM CaCl2 for imaging.

Surface plasmon resonance (SPR) measurements

The SPR measurements were performed using a Biacore 3000 instrument (GE Healthcare, 

Pittsburg, PA) equipped with a NTA Sensor Chip (GE Healthcare) at 25°C. HBS-P eluent 

buffer and HBS-EP dispenser buffer were purchased from GE Healthcare. NiCl2 solution 

(500 μM in eluent buffer), elution buffer (300 mM imidazole and 500 mM NaCl in water), 

and regeneration buffer (10mM HEPES, 150 mM NaCl, 0.005% polysorbate 20, 350 mM 

EDTA at pH 7.4) were prepared according to Biacore specifications. Human recombinant 

BMP-2 with hexahistidine-tag fused at the C-terminus (AdipoGen, San Diego, CA) was 

initially reconstituted in PBS at 20 μg/mL, and diluted to 500 nM in eluent buffer.

Binding experiments were performed according to a previously described protocol [35]. Ni2+ 

was first loaded on the NTA chip for 5 min at a flow rate of 20 μL/min, and then His-BMP-2 

for 1.25 min at 4 μL/min. Afterwards, each PA sample was injected for 2 min at 20 μL/min, 

followed by 5 min dissociation at 20 μL/min. The flow cell was regenerated using the 

elution buffer and the regeneration buffer, each for 2 min at 100 μL/min. The surface was 

further washed with 0.5% SDS in water for 12 sec at 100 μL/min. PA samples were horn-

sonicated and diluted in eluent buffer that was adjusted to pH 8.5 to prevent non-specific 

binding to NTA. PA solutions were injected to a blank NTA flow cell without Ni2+ or His-

BMP-2 was used as a reference cell. To compare binding affinity of the PAs, the sensograms 

were processed and analyzed with BIAevaluation 4.1 software. The sensogram from blank 

injection was subtracted from the PA sensograms, and the apparent equilibrium dissociation 

constant KD was determined using 2:1 binding model, which assumes bivalent analyte 

interaction with two dissociation constants kd,1 and kd,2, where kd,1 is more dominant.

Cell culture

C2C12 pre-myoblasts were maintained and treated with BMP-2 as depicted in Fig. 

2A [36,37]. Briefly, C2C12 cells were seeded at 2×104 cells/cm2 in 24-well plates in growth 
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media (DMEM with 10% heat-inactivated FBS and 100 U/mL penicillin/streptomycin, P/S) 

1 day before treatment. On the following day (Day 0), growth media was replaced with 900 

μL maintenance media (growth media with 2.5% FBS) and 100 μL treatment media 

containing BMP-2 with heparin or PAs. Preparation of the treatment media was as follows: 

2.5 μL of BMP-2 stock (20 μg/mL) was mixed with 5 μL of heparin or PA stock solutions 

(0.02, 0.2, or 2 mg/mL), incubated for 5 min on ice, then mixed with DMEM (100 U/mL 

P/S) to a final volume of 100 μL, followed by 5 min incubation on ice. For treatments with 

BMP-2 only, the treatment media was prepared according to the method described except 

without heparin or PAs. Final working concentrations were 50 ng/mL BMP-2 and a range of 

0.1, 1, to 10 μg/mL heparin or PAs.

Alkaline phosphatase (ALP) stain

The presence of ALP was stained as a marker for osteoblast differentiation on day 3 by 

enzymatic labeling described by Mason and Woolston [46]. Briefly, C2C12 cell layer was 

fixed with 4% paraformaldehyde (PFA) for 30 s, washed with PBS three times, and stained 

for 1 h with Naphthol AS-MX phosphate (Sigma-Aldrich, St. Louis, MO) and Fast Blue BB 

salt (Sigma-Aldrich) in 0.1M Tris-HCl at pH 8.2, followed by washing with PBS.

Alkaline phosphatase (ALP) activity assay

ALP activity from C2C12 cell layer was measured using QUANTI-Blue ALP substrate 

(InvivoGen, San Diego, CA). On Day 4, C2C12 cell monolayers were lysed on ice with 100 

μL lysis buffer (20 mM Tris-HCl, 1 mM EDTA, 150 mM NaCl, 1 mM MgCl2, 1% NP-40 

(Igepal), and 5% glycerol at pH 7.9) containing Halt Protease Inhibitor Cocktail (Thermo 

Scientific). Supernatants were collected into a sterile centrifuge tube and spun at 13,200 rpm 

on microcentrifuge at 4 °C for 3 min. Afterwards, 20 μL of the supernatant was placed into a 

flat-bottom 96-well plate and mixed with 180 μL QUANTI-Blue ALP substrate (in 

duplicates). The plate was incubated at 37 °C for 18 h and absorbance was measured at 630 

nm on SpectraMax M5 Microplate Reader (Molecular Devices, Sunnyvale, CA). In addition, 

5 μL of the collected C2C12 cell supernatant was diluted with 95 μL TE buffer and mixed 

with 100 μL Quant-iT PicoGreen dsDNA reagent (Invitrogen) in a clear-bottom, black 96-

well plate to measure the concentration of dsDNA (in triplicate). The absorbance values 

from QUANTI-Blue ALP assay was normalized by the amount of dsDNA in each sample, 

and the resulting values from heparin and PA treatments were normalized to control (BMP-2 

only) to represent the relative fold increase (n=3, in triplicate experiments).

Real-time PCR

C2C12 cells were treated with 50 ng/mL BMP-2 in the presence of 10 μg/mL heparin or 

PAs until Day 2, and the osteogenic gene expression levels were determined by real-time 

PCR as described by Zhao et al. (n=4, in triplicate experiments) [36]. Briefly, total RNAs 

were isolated from cells using TRIzol (Invitrogen) and reverse-transcribed using iScript 

Reverse Transcription Supermix (Bio-Rad, Des Plaines, IL). PCR amplification was 

analyzed with iQ5 Real-Time PCR Detection System (Bio-Rad) using iQ SYBR Green 

Supermix (Bio-Rad) and the following primers: Runx2 types II & III (Runx2), 5'-

ATGCTTCATTCATTCGCCTCACAAAC-3' and 5'-CCAAAAGAAGCTTTGCTG-3'; 
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Osterix (Osx), 5'-TTAAGCTTGCGTCCTCTCTGCTTGA-3' and 5'-

TTTCTAGATCAGATCTCTAGCAGGTT-3'; Osteocalcin (Ocn), 5'-

CAAGTCCCACACAGCAGCTT-3' and 5'-AAAGCCGAGCTGCCAGAGTT-3'; and 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 5'-

TGAAGGTCGGTGTGAACGGATTGGC-3' and 5'-

CATGTAGGCCATGAGGTCCACCAC-3' (IDT, Coralville, IA). For PCR amplification, 

cDNA was denatured at 94°C for 5 min, then underwent 40 repeated cycles at 94°C for 45 s, 

annealing at 55°C for 1 min, and extension at 68°C for 1 min, followed by 79 repeated 

cycles at 55°C for 30 s for generation of a melting curve. Expression values of Runx2 II, 

Osx, and Ocn were normalized to the respective GAPDH levels, and all treatments were 

normalized to control (BMP-2 only) treatment in order to represent relative fold increase.

PA nanofiber gel assembly

Diluent PA, BMP2b-PA, and D-BMP2b-PA solutions were prepared at 2 wt%. PA gel (1 wt

% PA) was formed by mixing equal volumes of 2 wt% PA and 20 mM CaCl2. Where 

recombinant human BMP-2 was incorporated into the PA gel, the protein was first 

combined with 20 mM CaCl2 solution prior to mixing with PA.

Scanning electron microscopy (SEM)

PA nanofiber gels were fixed in 4% paraformaldehyde, dried, then visualized with a Hitachi 

S-4800 II FE-SEM (Hitachi High Technologies America, Dallas, TX) according to a 

previously described protocol [28].

Rheology

Rheological measurements were performed using MCR-300 rheometer (Anton Parr, Graz, 

Austria) with a 25 mm parallel plate at 0.5 mm gap distance and 37°C stage temperature. To 

initiate gel formation, 20 μL of 0.2 M CaCl2 was added to 140 μL of 1.25 wt% PA solution 

on the rheometer plate. After a 30 min equilibration period at 37°C, the samples were tested 

at a constant strain of 0.5% over angular frequency range of 1–100 s−1 (n=3).

Growth factor release kinetics from PA gels

Absorbable collagen sponges cut to 0.135 cm3 as measured using digital microcalipers with 

a resolution of 0.01 mm were placed into microfuge tubes and pre-loaded with 50 ng of 

recombinant human BMP-2. Both the diluted BMP-2-binding PA gels and the diluent PA 

gels were prepared to a final volume of 40 μL with 50 ng of BMP-2 as described above. 

After a 20 min incubation period, 700 μL of release media (0.1% BSA in PBS) was applied 

to each tube. Tubes were pulse-spun, and 300 μL of release media was collected from each. 

An additional 300 μL of fresh release media was applied to the scaffolds, and the tubes were 

pulse-spun. The second 300 μL aliquot of release media was collected from each tube and 

combined with the original aliquot to obtain a 600 μL supernatant sample at day 0. A final 

addition of 300 μL fresh release media was applied to each tube, and scaffolds were 

incubated at 4°C until the next time point. At increasing time points out to 28 days, the same 

procedure was performed, with two aliquots of release media removed for future analysis 

and fresh media subsequently replaced. All aliquots were frozen at −80°C until quantitation. 
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BMP-2 was quantified in the collected samples using a sandwich ELISA (R&D Systems, 

Minneapolis, MN) per the manufacturer's instructions.

Growth factor capture by PA gels

Both the diluted BMP-2-binding PA gels and the diluent PA gels were prepared as described 

above to a final volume of 20 μL inside a 2 mL microcentrifuge tube. After a 10 min 

incubation period, 1 mL of 25 ng/mL BMP-2 media (0.01% BSA in DMEM) was applied. 

Tubes were gently inverted ten times and incubated at 37°C. At each time point (4 and 16 h), 

the tubes were inverted twice and media was collected and stored at −80°C until 

quantitation. Separate gels were made for each time point. BMP-2 was quantified using a 

sandwich ELISA.

Rat posterolateral lumbar intertransverse spinal fusion

This study was approved by the Institutional Animal Care and Use Committee and was 

conducted in line with IACUC policies and procedures. One hundred and twelve female 

Sprague-Dawley rats at ages 12–16 weeks were utilized (Table 1). Control groups consisted 

of 0 μg BMP-2 per animal in collagen sponges (negative control), and 10 μg BMP-2 per 

animal in collagen sponges (positive control; fuses at a rate of 100% in this model) [38,47]. 

Animals were first assigned to one of three treatment groups: the diluted BMP-2-binding PA 

gels, the diluent PA gels, or the collagen sponge. Each treatment was further divided into 

sub-groups with varying BMP-2 doses of 0, 0.1, and 1 μg per animal, which have been 

shown previously not to reliably fuse the spine when applied on a collagen sponge in this 

model [38]. In all conditions, the denoted BMP-2 dose refers to total growth factor dose 

implanted per animal. For instance, in the 1 μg BMP-2 treatment group, two biomaterials 

were each impregnated with 0.5 μg BMP-2 and implanted adjoining the L4–L5 transverse 

processes on either side of the spine. Each PA gel was prepared at 100 μL for each side of 

the spine.

Surgical procedures

Rats were maintained on a heating pad under continuous anesthesia with an isoflurane 

inhalational anesthetic delivery system, and they were monitored by an assistant for cardiac 

or respiratory difficulties throughout the procedure. Utilizing a previously-described surgical 

technique, a posterior midline incision was made over the lumbar spinous processes, after 

which two separate fascial incisions were made 4 mm from the midline [39]. The L4 and L5 

transverse processes were exposed using a muscle-splitting approach via blunt dissection 

down to the periosteum. After adequate exposure, the fusion bed was irrigated with sterile 

gentamicin/saline solution, and a high-speed burr was used to decorticate the superficial 

cortical layer of the transverse processes. Graft materials were then implanted bilaterally in 

the paraspinal musculature between the transverse processes. The fascia and skin incisions 

were closed using a simple interrupted pattern with a 3–0 Monocryl absorbable suture, 

which was removed from the skin 7–10 days post-surgery. Following surgery, rats were 

housed in separate cages and allowed to eat, drink, and bear weight ad libitum.
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Manual palpation

Fusion was assessed via manual palpation following euthanasia at 8 weeks post-surgery. 

Spines were scored by three blinded observers using a previously established scoring 

system: 0 = no bridging; 1 = unilateral bridging; 2 = bilateral bridging; and 3 = bilateral 

bridging with abundant bone [39]. Spines that received an average score of 1.0 or greater 

were considered successfully fused.

Micro-computed tomography analysis

Specimens deemed by manual palpation as successfully fused were subject to three-

dimensional μCT analysis to compare the amount of new bone formed in the transverse 

processes, using a Skyscan 1172 Microtomograph System (Bruker MicroCT, Kontich, 

Belgium). In addition, 3 control specimens without a fusion mass were analyzed and 

averaged to determine the host bone volume. As previously described [39], two spines were 

placed in a plastic holder and scanned simultaneously with the spines' axes parallel to the 

rotation axis of the scanner. The microfocus x-ray tube was operated at 59 kVp and 167 μA, 

with an exposure time of 316 ms. MicroCT scans were performed with 34.5 μm isotropic 

volume elements (voxels), and a mean of 777 (range: 523–849) contiguous slice data sets 

encompassed the L4 and L5 transverse processes.

Using ImageJ software analysis tools (NIH, Bethesda, MD) the amount of newly formed 

bone was quantified between the L4 and L5 transverse processes utilizing axial images for 

each specimen. Regions of interest (ROI) were manually defined in each slice and included 

the two posterolateral intertransverse fusion beds of each spine. Within the ROI, voxels 

more absorbing than a pre-defined threshold were identified as bone. Total bone was then 

calculated by adding values for each image in the fusion bed. The threshold of 450 mg/cm3 

was selected by examining several specimens and selecting the value best reproducing the 

structure of newly formed bone, as seen in the gray scale reconstructions. The host bone 

volume in the L4 and L5 transverse processes was quantified in the 3 control animals 

outside of the study groups and averaged (256 ± 24 mm3). The volume of new bone formed 

for each spine was calculated by subtracting the mean host bone from total bone volume in 

each specimen.

Histology

Histology was performed as we have previously described [39]. After detachment of 

surrounding soft-tissue, spine specimens were fixed in 10% neutral-buffered formalin, 

decalcified in HCl/EDTA, and embedded in paraffin. Serial sagittal 5 μm cuts were made 

along the transverse processes of L4 and L5 and stained with hematoxylin and eosin.

Statistics and data analysis

For the in vitro cell culture study, data were analyzed using a one-way analysis of variance 

(ANOVA) with a Newman-Keuls multiple comparison post-hoc test. Statistical analysis was 

performed with the aid of Prism v5.0a. For spinal fusion study, manual palpation scores and 

microCT data were evaluated using a one-way ANOVA with a Levine's F test for equality of 

Lee et al. Page 15

Adv Healthc Mater. Author manuscript; available in PMC 2016 January 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



variances and independent t test for equality of means with the aid of SPSS. In all studies, 

statistical significance was accepted with P < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Design and characterization of the BMP-2-binding PA nanofibers. (A) Chemical structures 

of the BMP-2-binding PA (BMP2b-PA) and the diluent PA, which will be mixed at equal 

wt.% ratio to form the diluted BMP-2-binding PA system (D-BMP2b-PA). (B) Circular 

dichroism for the BMP-2-binding PA and the diluent PA demonstrating β-sheet secondary 

structures. (C) Cryogenic transmission electron microscopy (Cryo-TEM) showing the 

filamentous nanostructures of the diluent PA, the BMP-2-binding PA, and the diluted 

BMP-2-binding PA.
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Figure 2. 
Binding affinities of the PA systems to BMP-2 using surface plasmon resonance. (A) 

Overlay plots showing the binding of the BMP-2-binding PA (green) and the diluent PA 

(blue) in subsequent dilutions. The calculated fit (black) was obtained using the 2:1 binding 

model with constants shown in (B).
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Figure 3. 
BMP-2-induced osteoblast differentiation is enhanced by the BMP-2-binding PA nanofibers 

in vitro. (A) Schematics of C2C12 cell cultures. Cells were seeded 1 day prior to treatment. 

On the day of treatment (Day 0), new media was added with the addition of 50 ng/mL 

BMP-2 along with PAs or porcine heparin at 0, 0.1, 1 or 10 μg/mL. (B) Cells were stained 

for the presence of ALP after 3 days. A representative scale bar is shown. (C) ALP enzyme 

activity was measured after 4 days. Measurements were normalized to their respective DNA 

content, and the final average values from treatments are normalized to control treatment 

with BMP-2 alone. (D) ALP enzyme activity was measured after 4 days of treatment with 

PA or heparin at 10 μg/ml without BMP-2. Final average values are normalized to the 

positive control treatment containing BMP-2. (E) Expression of osteogenic mRNAs after 2 

days: Runx2, Osterix (Osx), and osteocalcin (Ocn). PAs and heparin were tested at 10 μg/mL 

with BMP-2. Each expression was normalized to GAPDH, and the average values were 

normalized to control treatment with BMP-2 alone. Data are means ± SD; *P < 0.05, **P < 

0.01, ***P < 0.001.
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Figure 4. 
Characterization of PA nanofiber gels. (A) Photograph of self-supporting PA gels. (B) 

Scanning electron microscopy (SEM) showing a network of filamentous nanostructures in 

the PA gels. (C) Rheological values of the diluted BMP-2-binding PA gel and the diluent 

PA gel at 1 wt% final concentration. Gels were equilibrated for 30 min at 37°C prior to 

measurement. (D) In vitro analysis of BMP-2 release from the diluted BMP-2-binding PA 

gel and the diluent PA gel in comparison to a bare collagen scaffold over 28 days. (E) In 

vitro analysis of BMP-2 capture by the diluted BMP-2-binding PA gel and the diluent PA 

gel at 4 and 16 hours. Data are means ± SD; *P < 0.05.
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Figure 5. 
BMP-2-binding PA gel promotes spinal arthrodesis in rats. Each animal received two 

identical graft materials with an equal dose of BMP-2 on both sides of the transverse 

processes. Graft materials consisted of the diluted BMP-2-binding PA gel, the diluent PA 

gel, or absorbable collagen sponge. The indicated dose of BMP-2 is the total per animal. (A) 

Fusion scores from blind manual palpation analysis at 8 weeks post-operation. (B) Fusion 

rates of each treatment based manual palpation scores, where an average score greater than 

or equal to 1.0 was considered solidly fused. (C) The successfully fused specimens were 

analyzed by microcomputed tomography (μCT) to compare fusion mass volume (mm3). All 

data in this study are means ± SD; *P < 0.05, **P < 0.01, ***P < 0.001. (D) Representative 

spine reconstructions from μCT are shown for the successfully fused specimens. Scale bars 

shown in images. White arrows indicate the presence of fusion mass in the transverse 

processes.
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Figure 6. 
Representative sagittal cross-sectional images of fused L4–L5 posterolateral spine 

specimens 8 weeks after surgery with hematoxylin and eosin. The box shows a higher 

magnification image of the inset indicated on the dorsal side of the fusion bed.
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Table 1

Animal groups for the rat posterolateral lumbar intertransverse spinal fusion model study.

Treatment
n

Total Analyzed w/ manual palpation Analyzed w/ μCT

I. D-BMP2b-PA

 0 μg BMP-2 12 12 5

 0.1 μg BMP-2 12 12 4

 1 μg BMP-2 12 12 12

II. Diluent PA

 0 μg BMP-2 12 12 0

 0.1 μg BMP-2 12 12 0

 1 μg BMP-2 12 12 9

III. Collagen scaffold

 0 μg BMP-2 8 8 3*

 0.1 μg BMP-2 12 12 0

 1 μg BMP-2 12 12 8

 10 μg BMP-2 (+) 8 8 0

*
analyzed as threshold values for μCT analysis
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