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ABSTRACT 

Bone morphogenetic proteins (BMPs), in particular BMP-2, are the growth factors 

primarily responsible for osteoinduction. Knowledge of interactions between bone 

substitute materials and growth factor variants is crucial for designing bone 

substitutes with an ideal release profile. Here we compare glycosylated and non-

glycosylated recombinant human bone morphogenetic protein-2 (rhBMP-2) either 

incorporated into a hydrolyzable polyethylene glycol (PEG) hydrogel developed as a 

slow release system or adsorbed to a deproteinized bovine bone matrix (DBBM), a 

clinically well-established bone substitute material. rhBMP-2 loaded materials were 

immersed in cell culture medium and rhBMP-2 concentration profiles in the 

supernatant were determined by an enzyme-linked immunosorbent assay (ELISA). 

The corresponding biological activities were assessed in vitro by an alkaline 

phosphatase activity assay. We show a strong affinity of rhBMP-2 to DBBM and a 

reduced biological activity after its release from PEG hydrogels. Glycosylated 

rhBMP-2 was significantly less affected by hydrogels and interacted significantly 

stronger with DBBM than non-glycosylated rhBMP-2. We therefore question the 

combination of PEG hydrogels with DBBM as a rhBMP-2 delivery system over 

DBBM alone since rhBMP-2 released from the hydrogel will be trapped by DBBM. 

Moreover, our results suggest that glycosylated rhBMP-2 is favorable in combination 

with PEG hydrogels since its activity is better preserved. Whereas in combination 

with DBBM, non-glycosylated rhBMP-2 is favorable in order to benefit from an 

initially higher concentration of free rhBMP-2. 
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1 Introduction 

Bone has a unique capacity to heal itself without leaving a scar [1]. However, if a gap 

derived from an injury, disease or a surgical treatment reaches a critical size, the 

body is not able to repair the void on its own. For these critical-sized defects or when 

bone augmentation is required, a bone substitute is needed. The ideal material for a 

bone substitute provides a three-dimensional, mechanically stable structure, serves 

as a carrier for growth factors that enhance bone in-growth, contains living 

osteoblastic cells that are accepted by the body and should eventually be replaced 

by newly formed bone [2-4]. Autologous bone fulfills all of these criteria. 

Unfortunately, its use has severe drawbacks, namely increased morbidity at the 

harvest site and limited supply [5]. Therefore, alternatives such as allografts, 

xenografts or alloplasts are used. However, none of them provide all the properties 

of autografts [6]. 

Deproteinized bovine bone matrix (DBBM) is the gold standard off-the-shelf bone 

substitute material in dentistry [7]. It consists of the mineral phase of bovine bone, 

containing hydroxyapatite as the main component. DBBM is devoid of any organic 

material, therefore it is not as tough as natural bone and devoid of bone-inducing 

growth factors [8], making its combination with bone-inducing growth factors 

advantageous [9]. 

Bone morphogenetic proteins (BMPs), in particular BMP-2 and BMP-7, are the 

growth factors mainly responsible for osteoinduction [10]. They recruit and stimulate 

adult mesenchymal stem cells and preosteoblastic cells to migrate, proliferate and 

mature into osteoblasts [11, 12]. Currently, glycosylated Chinese hamster ovary 

(CHO)-expressed recombinant human BMP-2 (rhBMP-2) in combination with a 

collagen carrier (Infuse®, Medtronic Sofamor Danek, Memphis, Tennessee) is 



commercially available and approved by the Food and Drug Administration (FDA) 

and the European authorities for lumbar spine fusion and persisting long bone 

defects. Glycosylated rhBMP-2 is also approved for several dental applications [13]. 

Non-glycosylated rhBMP-2 produced by the prokaryotic expression system using E. 

coli, is an alternative that could substantially reduce production cost and the price for 

clinical application. Despite the fact that E. coli-derived proteins are non-

glycosylated, the biological potential of non-glycosylated rhBMP-2 has been reported 

to have bone-inducing activity similar to the glycosylated form [14-17]. In a human 

clinical trial, we demonstrated the efficacy of non-glycosylated rhBMP-2 in a bone 

augmentation procedure [9]. 

Controlling the release profile of rhBMP-2 from carrier materials is crucial to deliver 

the minimal effective growth factor load needed for bone reconstruction. Analysis of 

BMP expression during fracture healing revealed that BMP-2 expression was 

upregulated early and was elevated for up to 30 days [18]. It is therefore of 

advantage to release rhBMP-2 over a time period of days to weeks rather than hours 

[19]. Rapid diffusion away from the implantation site into body fluids, premature 

degradation of the carrier material, and inactivation of rhBMP-2 due to unwanted 

interactions with the carrier materials may limit the effectiveness of rhBMP-2 [19-24].  

An approach for a system composed of clinically evaluated materials that provides 

mechanical stability and allows sustained growth factor delivery is the combination of 

DBBM with hydrolysable polyethylene glycol (PEG) hydrogels [25-30]. In such a 

system, the release profile of the growth factor is dependent on the physical binding 

strength to the hydrogel, the degradation characteristics of the hydrogel and the 

interaction of the applied growth factor with the DBBM. A tunable, hydrolysable PEG 

hydrogel system based on a Michael-type reaction between PEG chains 



functionalized with acrylate groups and thiol groups has been previously developed 

[31]. The PEG system has been evaluated in clinical studies [32] and it was recently 

demonstrated that improved bone formation can be achieved by entrapping rhBMP-2 

as well as parathyroid hormone peptide in this hydrolysable synthetic matrix [25, 30].  

Considering the similar bioactivity of glycosylated and non-glycosylated rhBMP-2, 

understanding the differences in the release characteristics of these variants from 

the carrier materials and the effect of their interaction with the carrier materials on 

their bioactivity is crucial. This analysis would enable the development of a 

successful composite of these well-known materials that allows faster bone 

formation and more economical use of growth factors. We therefore investigated the 

differences between glycosylated and non-glycosylated rhBMP-2 in terms of their 

interactions with DBBM, hydrolysable PEG hydrogels, and the combination of these 

materials as well as the bioactivity of the released rhBMP-2 variants.  



2 Materials and Methods 

2.1 General Preparations 

Non-glycosylated rhBMP-2 was expressed in E.coli and refolded as previously 

described [33]. Glycosylated rhBMP-2 was obtained from Genetics Institute Inc., 

Massachusetts, USA. Both rhBMP-2 variants were desalted by solvent exchange to 

1 mM HCl using centrifugal filters (MWCO 10 kDa, Millipore, Zug, Switzerland). 

rhBMP-2 solutions were sterilized using Millex-LG Sterilizing Filter Units (0.2 m, 

Millipore, Zug, Switzerland). The concentration of rhBMP-2 was determined by a 

Bradford assay (Thermo Fisher Scientific, Lausanne, Switzerland) and samples were 

diluted in 1 mM HCl to 1 µg/µl accordingly. 

All following experiments were carried out under sterile conditions and all materials 

were sterilized by vapour sterilization (134 °C) in the central sterilization facilities of 

the University Hospital Zurich unless specified separately. All experiments were 

carried out at room temperature (room temperature varied between 20 and 25 °C) 

unless specified separately. All samples were prepared with both glycosylated and 

non-glycosylated rhBMP-2. 

2.2 Preparation of Bone Substitute Components 

Hydrolyzable mPEG hydrogels were formed by a Michael-type reaction between 

acrylate and thiol groups described earlier by Elbert, et al. [31] and prepared similarly 

to previous in vivo studies [25, 30]. 15 kDa 4arm PEG functionalized with an acrylate 

group at the end of each arm and 3.8 kDa linear PEG dithiol dissolved in 1 mM HCl 

and gamma-sterilized were kindly provided by the Institute Straumann AG (Basel, 

Switzerland). Briefly, 50 µl PEG gels (unreacted volume) were formed in low binding 

microcentrifuge tubes (Eppendorf, Basel, Switzerland) in the presence or absence of 



2.5 µg rhBMP-2 and/or 25 mg of DBBM (Bio Oss®, small spongiosa granules 0.25 – 

1 mm, gamma-sterilized, kindly provided by Geistlich Biomaterials, Wollhusen, 

Switzerland) by mixing acrylate and thiol PEGs in a 0.1 M triethanolamine solution. 

The volume of mPEG hydrogel was chosen to exactly cover the volume of the loose 

DBBM particles allowing a homogeneous distribution of DBBM in the hydrogel. The 

gelation reaction was allowed to take place for 30 min. In order to shorten the time 

periods for this study, the precursors were chosen for a final concentration of 3% 

(w/v) PEG allowing the mPEG hydrogel to hydrolyze completely after 3 days. 

In order to adsorb rhBMP-2 to DBBM from solution, 25 mg of DBBM were mixed with 

50 µl 1 mM HCl containing 2.5 µg rhBMP-2. The mixture was vortexed, briefly spun 

down (10600xg, 10s) in a centrifuge and incubated for 60 min. Samples were used 

immediately without removing the liquid from the adsorption procedure. For the 

adsorption of rhBMP-2 to DBBM via lyophilisation, 25 mg of DBBM were mixed with 

50 µl 1 mM HCl containing 2.5 µg rhBMP-2. The mixture was vortexed, briefly spun 

down in a centrifuge (10600xg, 10s) and frozen immediately using liquid nitrogen. 

Frozen samples were lyophilized overnight. Controls were prepared without the 

addition of rhBMP-2. The pH change of 1 mM HCl solution 1h after the immersion of 

DBBM was evaluated using the same ratio between DBBM and 1 mM HCl as for the 

sample preparation. 

2.3 Determination of rhBMP-2 Concentration Profiles 

rhBM2-loaded samples and according controls were immersed in cell culture 

medium (Dulbecco’s Modified Eagle Medium (D-MEM, Invitrogen, Basel, 

Switzerland) containing 10% inactivated fetal bovine serum (FBS, Invitrogen), 2 mM 

L-Glutamine (Invitrogen), 20 mM HEPES (stock adjusted to pH 7.4, SigmaAldrich, 

Buchs, Switzerland), 100 U/ml Penicillin and 100 g/ml Streptomycin 



(Penicillin/Streptomycin, Invitrogen)) resulting in a final volume of 500 l. The final 

sample volume was calculated including the hydrolyzable mPEG hydrogel 

(unreacted volume) as well as the liquid remaining in DBBM samples and controls 

but excluding the non-degradable (non-degradable regarding this time span) volume 

of DBBM. After preincubation for one hour in cell culture medium to allow initial 

adsorption of serum proteins, 2.5 µg of rhBMP-2 were added to the controls. Positive 

controls of 500 l cell culture medium containing 2.5 g rhBMP-2 were prepared. 

Thus, all samples, controls and the positive controls contained 2.5 µg rhBMP-2. 

Empty controls were prepared without the addition of rhBMP-2. An overview of all 

samples and controls as well as their abbreviations is shown in      

 

Figure 1. All samples and controls were incubated at 37 °C for 15 days. 50 µl 

supernatant were taken after 1h, 1, 2, 3, 6, 9 and 15 days of incubation and replaced 

by 50 µl of fresh cell culture medium. The removed supernatant aliquots were stored 

at -20 °C for later analysis.  

The concentration of rhBMP-2 in the supernatant was determined by an enzyme-

linked immunosorbent assay (ELISA) against rhBMP-2 (R&D Systems, Quantikine 

BMP-2, Abingdon, UK). Standard series of glycosylated and non-glycosylated 



rhBMP-2 were prepared to determine the rhBMP-2 concentration in the samples. 

The cumulative amount of released rhBMP-2 was calculated taking into account the 

removal and addition of 50 µl of fresh medium at each time point. All results were 

standardized to the positive controls (100%). 

2.4 Cell Culture Assays 

2.4.1 Cell Stimulation 

Glycosylated and non-glycosylated rhBMP-2 were tested for differences in their 

biological activity as well as for differences in their stability at 37 °C in vitro. Standard 

series (100 - 1000 ng/ml) of both rhBMP-2 variants were prepared in cell culture 

medium. The stability in cell culture medium was determined by incubating rhBMP-2 

at 37 °C in cell culture medium for 0, 3, 9, 15 and 30 days without cells. A 

premyoblastic cell line (C2C12, ATCC, Molsheim Cedex, France) was stimulated 

with the standard series and the samples prepared for the stability test and tested for 

alkaline phosphatase activity as described in section  2.4.3. 

The biological activity of the rhBMP-2 variants released from bone substitute 

materials as described in section  2.3 as well as the impact of bone substitute 

material degradation products and growth factors on cell viability were tested by 

stimulating C2C12 cells. Cells were stimulated with cell culture medium supernatant 

from a 15 days release from bone substitute materials prepared as described in 

section  2.3. Stimulated cells were tested for their viability as described in section 

 2.4.2 and for their ALP activity as described in section  2.4.3.  

2.4.2 Cell Viability 

Cell viability was evaluated after 3 and 6 days of incubation at 37 °C and 5% CO2 in 

a humidified atmosphere. Viability was determined by adding cell proliferation 



reagent WST-1 (Roche, Basel, Switzerland) to the cell culture medium at the 

concentration specified by the manufacturer. Cells were incubated in presence of the 

cell proliferation reagent for 45 min at 37 °C and 5 % CO2. The resulting colour 

reaction was evaluated by measuring the optical density at 450 nm using a plate 

reader (Synergy HT, Biotek, Luzern, Switzerland). 

2.4.3 Alkaline Phosphatase Activity 

The biological activity of rhBMP-2 was determined via an assay for alkaline 

phosphatase (ALP) activity, an early marker for osteoblastic differentiation. ALP is 

expressed by mesenchymal progenitor cells exposed to rhBMP-2 and its activity 

therefore provides an appropriate functional assessment of the growth factors 

bioactivity [34]. In detail, C2C12 cells were stimulated for 6 days at 37 °C and 5 % 

CO2 and were subsequently lysed using 0.56 M 2-Amino-2-methyl-1-propanol 

(SigmaAldrich, Buchs, Switzerland) (pH, 10 containing 0.2 % Triton X-100 

(SigmaAldrich)). ALP activity in the lysis buffer was determined via the kinetics of a 

colour reaction based on the reduction of p-nitrophenyl phosphate (Sigma Aldrich) to 

p-nitrophenol. The DNA concentration of the lysate was determined using a 

PicoGreen assay (Invitrogen, Basel, Switzerland). Optical density of the p-

nitrophenol reaction (410 nm) and fluorescence of PicoGreen (ex = 480 nm, em = 

520 nm) was detected with a plate reader (Synergy HT, Biotek, Luzern, Switzerland). 

The determined ALP activity was adjusted to the total cell number by standardizing it 

to the DNA concentration. All results were standardized to the positive controls 

(100%). 



2.5 Statistical Analysis 

All experiments were carried out with a total number of 6 individual and independent 

samples for each condition (n=6), except for the ALP assay which was carried out 

with 12 independent samples (n=12). Each experiment was carried out twice. 

Gaussian distribution of samples was confirmed by a Shapiro-Wilk test. A two-tailed, 

heteroscedastic t-test (P<0.05) was applied to determine whether or not there are 

statistically significant differences between concentrations and/or activity of 

glycosylated and non-glycosylated rhBMP-2 after 15 days of incubation. For the 

statistical analysis of the cell culture viability, repeated measures ANOVA and 

subsequent pairwise Student’s t-test with corrected P-values according to Bonferroni 

were used to detect significant differences between samples devoid of growth 

factors, loaded with non-glycosylated or glycosylated rhBMP-2. 



3 Results 

3.1 Interaction of rhBMP-2 with mPEG Hydrogels 

Cumulative concentration of both glycosylated and non-glycosylated rhBMP-2 in the 

cell culture medium supernatant of mPEG hydrogel samples was measured by an 

ELISA. The concentration of both growth factor variants increased up to day 3 and 

subsequently remained constant up to day 15 (                     

 

Figure 2). However, only part of the initial amount of rhBMP-2 was detected after 15 

days of incubation time. We found significant differences between the concentration 

of glycosylated (56 ± 4% of positive control) and non-glycosylated (26 ± 2% of 

positive control) rhBMP-2 at day 15. A comparison of the mPEG hydrogel controls 

showed reduced concentrations of both rhBMP-2 variants. There was no significant 

change in concentration during the incubation time and there was no significant 

difference between the concentration of glycosylated (58 ± 11% of positive control) 

and non-glycosylated (56 ± 5% of positive control) rhBMP-2 at day 15 for the mPEG 

controls. 



3.2 Interaction of rhBMP-2 with DBBM 

pH measurements showed that the pH of 1 mM HCl was neutralized by DBBM after 

1h if mixed at a concentration of 500 mg/ml DBBM (data not shown). We did not find 

any significant difference in adsorption behavior of rhBMP-2 between immersion in 1 

mM HCl containing rhBMP-2 and lyophilisation (data not shown). We therefore 

applied the adsorption procedure without lyophilization for loading DBBM with 

rhBMP-2. After 1h adsorption in 1 mM HCl and 1h incubation in cell culture medium, 

30 ± 14% glycosylated rhBMP-2 and 32 ± 4% non-glycosylated rhBMP-2 were 

detected in the cell culture medium supernatant relative to the positive control. These 

levels dropped to 7 ± 3% glycosylated and 16 ± 7% non-glycosylated rhBMP-2 after 

15 days, showing a significant difference between the two growth factor variants 

(

 

Figure 3 A). Concentrations of rhBMP-2 variants in the cell culture medium 

supernatant of DBBM controls showed a higher initial concentration than in the 

samples 



(

 

Figure 3 A & B). By day 3 of incubation the concentrations in the supernatant of the 

controls dropped to similar levels to the concentrations in the supernatant of the 

samples showing significant differences in concentration between glycosylated (7 ± 

2% of positive control) and non-glycosylated (19 ± 3% of positive control) rhBMP-2 

after 15 days.  

3.3 Combination of mPEG hydrogel, DBBM and rhBMP-2 

We detected strongly reduced concentrations of glycosylated and non-glycosylated 

rhBMP-2 in the cell culture medium supernatant of DBBM in mPEG samples 

compared to the positive controls 

(

 

Figure 4 A). A maximum of 17 ± 3% glycosylated and 5 ± 4% non-glycosylated 

rhBMP-2 was detected after 6 days. After 15 days we found significant differences 



between the concentration of glycosylated (11 ± 3%) and non-glycosylated (3 ± 2%) 

rhBMP-2. A high initial concentration of rhBMP-2 was found in the cell culture 

medium supernatant of the controls 

(

 

Figure 4 B). After 3 days we observed a quick drop of both the concentration of 

glycosylated and non-glycosylated rhBMP-2. After 15 days of incubation the 

concentration was found to be significantly higher for the non-glycosylated (13 ± 4% 

of positive control) than for the glycosylated (5 ± 4% of positive control) rhBMP-2. 

3.4 Cell Viability - Influence of Degradation Products and rhBMP-2 

C2C12 cells stimulated with the cell culture medium supernatant from all samples 

were tested for their cell viability. After three days, we found a significantly elevated 

cell viability comparing controls devoid of rhBMP-2 and samples with glycosylated 

rhBMP-2 in the positive controls and the DBBM sample group 



(

 

Figure 5 A). After 6 days, cell viability was significantly elevated in samples 

containing either glycosylated or non-glycosylated rhBMP-2 in the sample groups of 

positive controls, mPEG hydrogel and DBBM in mPEG hydrogel. There were no 

significant differences between samples containing glycosylated and non-

glycosylated rhBMP-2 

(

 

Figure 5 B). Comparing the cell viability between the bone substitute materials, we 

did not find any significant differences. 

Along with the measurement of the biological activity of rhBMP-2 (section  2.4), we 

determined the total amount of DNA of the stimulated cells by a PicoGreen assay. 

After 6 days we found a significantly higher amount of DNA in samples containing 



glycosylated or non-glycosylated rhBMP-2, however we did not find any significant 

differences between samples containing glycosylated or non-glycosylated rhBMP-2 ( 

 

Figure 6). However, comparing the DNA content between samples stimulated with 

cell culture supernatant from bone substitute materials not containing rhBMP-2, we 

found a significant decrease for those samples containing mPEG hydrogels. 

3.5 Biological Activity of rhBMP-2 – Impact of Bone Substitute Materials 

The biological activity of glycosylated and non-glycosylated rhBMP-2 was tested by 

stimulating C2C12 cells with various concentrations of both growth variants and 

testing them for their ALP activity. We did not find any significant differences 

between glycosylated and non-glycosylated rhBMP-2 

(

 



Figure 7 A). We found a strong decrease in ALP activity when stimulating C2C12 

cells with rhBMP-2 preincubated for various times in cell culture medium at 37 °C 

and 5% CO2 

(

 

Figure 7 B). Glycosylated (28 ± 2% initial activity) rhBMP-2 was significantly more 

affected than non-glycosylated (40 ± 3% initial activity) rhBMP-2 after 30 days of 

preincubation. 

The impact of incubating rhBMP-2 together with bone substitute materials on the 

bioactivity of the growth factor was investigated by stimulating C2C12 cells with the 

cell culture supernatant from mPEG hydrogels, DBBM and DBBM in mPEG hydrogel 

and testing them for their ALP activity. Incorporation into mPEG hydrogels reduced 

the activity of rhBMP-2 in the cell culture medium supernatant. The activity of non-

glycosylated rhBMP-2 (49 ± 6% of positive control) was reduced significantly more 



than the activity of the glycosylated rhBMP-2 (66 ± 17% of positive control) (                      

 

Figure 8). The activity of rhBMP-2 in the cell culture medium supernatant of DBBM 

was strongly decreased. This decrease was significantly higher for glycosylated (9 ± 

4% activity of positive control) than for non-glycosylated rhBMP-2 (25 ± 8% activity of 

positive control) (                             

Figure 8). The activity of rhBMP-2 released from mPEG hydrogels having DBBM and 

rhBMP-2 incorporated was strongly decreased as well. The decrease was 

significantly higher for non-glycosylated (9 ± 3% activity of positive control) than it 



was for glycosylated rhBMP-2 (18 ± 3% activity of positive control) (                      

 

Figure 8). 



4 Discussion 

Our aim was to understand the differences between the interaction of glycosylated 

and non-glycosylated rhBMP-2 with clinically evaluated bone substitute materials. 

This analysis should ultimately allow for a combination of known materials and 

growth factors leading to an improved bone reconstruction. For our investigation we 

chose two well evaluated materials, mPEG hydrogels and DBBM. Both materials 

have previously been clinically tested for bone augmentation procedures in dentistry 

[7, 9, 25-30, 32].  

We evaluated the equivalence of the two variants of rhBMP-2. In agreement with 

literature [9, 14-17], we found the biological activity of the glycosylated and non-

glycosylated rhBMP-2 to be alike in vitro 

(

 

Figure 7). The biological activity of both variants drops rapidly in cell culture medium 

at 37 °C. This activity decrease has to be considered for rhBMP-2 delivery in vivo as 

well as for experimental design in vitro. Therefore, we compared all of our samples 

to a positive control of rhBMP-2 in cell culture medium. We further investigated 

equivalence of cell viability stimulated by the two variants of rhBMP-2. We observed 

a trend for an increase in cell viability in the presence of cell culture medium 



supernatant from preincubated bone substitute materials and/or glycosylated or non-

glycosylated rhBMP-2 after 3 days and found a significant increase after 6 days 

(

 

Figure 5 A & B). This increase in viability is reflected in the significantly higher total 

amount of DNA per sample in those samples containing rhBMP-2 ( 

 

Figure 6) Our results agree with other work that shows the stimulation of cell viability 

by both glycosylated and non-glycosylated rhBMP-2 [17]. 

In investigating the effects of the mPEG hydrogel on the rhBMP-2 variants, we found 

that incorporating rhBMP-2 into an mPEG hydrogel reduces the amount of growth 



factor detected in the cell culture medium supernatant (                     

 

Figure 2) as well as the amount of active rhBMP-2 detected (                      

 

Figure 8) in the supernatant after 15 days of incubation. We hypothesize that this 

reduction is mainly caused by an interaction of rhBMP-2 with the PEG starting 

materials during gel formation. The thiol groups on the linear PEGs could attack the 

disulfide bonds of the rhBMP-2 dimers, leading to formation of monomers, incorrectly 

refolded dimers or even covalent incorporation of monomers into the mPEG hydrogel 

network. This hypothesis is supported by the significantly lower decrease in 

concentration of the glycosylated rhBMP-2, since the glycosylation can provide a 

protective effect. It is further supported by the fact that the concentration of non-

glycosylated rhBMP-2 in the supernatant of the controls, where rhBMP-2 is added 

after mPEG hydrogel formation, is much higher than in the supernatant of the 



corresponding control. However, it is possible that a weaker physical interaction 

between rhBMP-2 and remnants of the degraded mPEG hydrogel might be 

responsible for the reduced detection of rhBMP-2 in the controls. Although controlled 

PEGylation offers a great possibility to increase solubility and half-life of BMP-2 [35] 

or even allows for enzymatically controlled growth factor release [36] it should be 

avoided in order to deliver functional native rhBMP-2. Therefore, if applied together 

with an mPEG hydrogel, glycosylated rhBMP-2 is superior. 

In contrast to the samples containing mPEG hydrogel, only a small part of the initial 

rhBMP-2 concentration can be detected in the cell culture medium supernatant of 

DBBM samples after 15 days of immersion. The amount of active rhBMP-2 detected 

in the cell culture medium supernatant is reduced to a corresponding amount. We 

attribute this effect to the high affinity of BMP-2 to hydroxyapatite-based materials 

[37] as well as to the high surface area (79.7 m2/g) of DBBM due to its micro- and 

nano-structure [38]. Moreover, instead of the expected release after immersion of 

DBBM preloaded with rhBMP-2, adsorption of rhBMP-2 continued even in the 

presence of serum proteins from the cell culture medium 

(

 

Figure 3 A). This result agrees with other work showing that the affinity of rhBMP-2 

to hydroxyapatite is higher than the affinity of bovine serum albumin to 



hydroxyapatite [37]. The reduced activity of the supernatant, however, does not 

necessarily imply a reduced activity in vivo, as indicated by successful studies on the 

combination of DBBM and rhBMP-2 [9, 32, 39]. rhBMP-2 could be adsorbed to 

DBBM in an active or a denatured form, or it could be that it is reactivated upon 

release after the slow degradation of DBBM in vivo. The significantly stronger affinity 

of glycosylated rhBMP-2 to DBBM compared to the non-glycosylated variant seems 

to recommend the use of glycosylated rhBMP-2 if applied together with DBBM. 

However, Brown et al. have shown in vivo that an initially high concentration of 

rhBMP-2 followed by a slow release is favourable over a slow release only [19]. This 

fact together with the much lower production costs for the expression of rhBMP-2 in 

E.coli makes non-glycosylated rhBMP-2 the preferred protein if applied together with 

DBBM. In the sole clinical trial where DBBM was used as carrier for non-glycosylated 

rhBMP-2 the results show that overall  bone formation was not increased compared 

to DBBM alone but maturation of bone as well as direct coverage of DBBM by bone 

had advanced significantly [32]. Both results suggest that non-glycosylated rhBMP-2 

delivered by DBBM is still active but the long range effect is limited due to the high 

affinity of rhBMP-2 to DBBM. Whether this remaining activity is due to the low 

amount of rhBMP-2 dissolved in the extracellular matrix, rhBMP-2 resolubilized after 

the slow dissolution of DBBM in vivo or rhBMP-2 adsorbed to DBBM cannot be 

determined based on these results. 

Combining the two previously discussed materials we Incorporated rhBMP-2 into 

mPEG hydrogels together with DBBM. This led to a constantly low concentration of 

rhBMP-2 in the cell culture medium supernatant during the 15 days of incubation, 

with a small increase after three days. After 15 days, in contrast to the samples with 

DBBM alone, a significantly higher concentration of glycosylated compared to non-



glycosylated rhBMP-2 can be detected 

(

 

Figure 4 A). This result is confirmed by cell culture experiments that show the same 

significant difference for the amount of active rhBMP-2 detectable in the cell culture 

medium supernatant (                      

 



Figure 8). We attribute this to the reduced detectability of non-glycosylated rhBMP-2 

if present during formation of mPEG hydrogels (                     

 

Figure 2). Control samples for DBBM in mPEG hydrogels initially only show a small 

decrease in rhBMP-2 concentration in the cell culture medium supernatant. 

However, the concentration drops drastically after three days 

(

 

Figure 4 B). This drop can be explained with the hydrolyzation of the mPEG hydrogel 

that was covering the DBBM, leading to an adsorption of rhBMP-2 to DBBM. The 

concentration of non-glycosylated rhBMP-2 is, in agreement with the results for 

DBBM alone, significantly higher than for glycosylated rhBMP-2, supporting the 

assumption that the only reason for the lower concentration of non-glycosylated 



rhBMP-2 in the samples is due to its interaction with the mPEG hydrogel 

components during hydrogel formation. 



5 Conclusions 

We have shown that mPEG hydrogels interact with rhBMP-2 and reduce its activity. 

Furthermore, we found a strong affinity of rhBMP-2 to DBBM. Based on these results 

we question the use of mPEG hydrogels as a carrier-system for rhBMP-2 in 

conjunction with DBBM, since the use of DBBM with preadsorbed rhBMP-2 alone 

yields a higher BMP activity, which might translate to better results in vivo. Since the 

affinity of non-glycosylated rhBMP-2 to DBBM is lower than the affinity of the 

glycosylated variant, non-glycosylated rhBMP-2 may be used if an initial high 

concentration of rhBMP-2 is desired to attract cells chemotactically. Further research 

on this aspect is necessary to determine if rhBMP-2 adsorbed to DBBM and 

hydroxyapatite in general is active or denatured and/or released in an active form 

during degradation. However if other needs, e.g. formability or stability of the bone 

substitute require  the use of mPEG hydrogels, glycosylated rhBMP-2 is the 

preferred growth factor since its interactions with mPEG hydrogels is significantly 

lower compared to non-glycosylated rhBMP-2.  

 

 

Acknowledgements 

This study was financially supported by an ITI research grant of the ITI foundation 

(555-2007) and in part supported by AOCMF (project: C-10-37W), the 

Craniomaxillofacial Specialty of the AO Foundation. We thank the Institut Straumann 

AG for providing us with the mPEG precursors.





References 

[1] Sommerfeldt DW, Rubin CT. Biology of bone and how it orchestrates the form and function of the 
skeleton. Eur Spine J 2001;10 Suppl 2:S86-95. 
[2] Sailer HF, Weber FE. [Bone substitutes]. Mund Kiefer Gesichtschir 2000;4 Suppl 1:S384-91. 
[3] Cornell CN. Osteobiologics. Bull Hosp Jt Dis 2004;62:13-7. 
[4] Giannoudis PV, Einhorn TA, Schmidmaier G, Marsh D. The diamond concept--open questions. 
Injury 2008;39 Suppl 2:S5-8. 
[5] Jager M, Westhoff B, Wild A, Krauspe R. [Bone harvesting from the iliac crest]. Orthopade 
2005;34:976-82, 84, 86-90, 92-4. 
[6] Nicoll SB. Materials for Bone Graft Substitutes and Osseous Tissue Regeneration: Springer; 2011. 
[7] Sartori S, Silvestri M, Forni F, Icaro Cornaglia A, Tesei P, Cattaneo V. Ten-year follow-up in a 
maxillary sinus augmentation using anorganic bovine bone (Bio-Oss). A case report with 
histomorphometric evaluation. Clin Oral Implants Res 2003;14:369-72. 
[8] Urist MR. Bone: formation by autoinduction. Science 1965;150:893-9. 
[9] Jung RE, Glauser R, Scharer P, Hammerle CH, Sailer HF, Weber FE. Effect of rhBMP-2 on guided 
bone regeneration in humans. Clin Oral Implants Res 2003;14:556-68. 
[10] Wozney JM, Rosen V, Celeste AJ, Mitsock LM, Whitters MJ, Kriz RW, et al. Novel regulators of 
bone formation: molecular clones and activities. Science 1988;242:1528-34. 
[11] Sampath TK, Maliakal JC, Hauschka PV, Jones WK, Sasak H, Tucker RF, et al. Recombinant 
human osteogenic protein-1 (hOP-1) induces new bone formation in vivo with a specific activity 
comparable with natural bovine osteogenic protein and stimulates osteoblast proliferation and 
differentiation in vitro. J Biol Chem 1992;267:20352-62. 
[12] Wildemann B, Burkhardt N, Luebberstedt M, Vordemvenne T, Schmidmaier G. Proliferating and 
differentiating effects of three different growth factors on pluripotent mesenchymal cells and 
osteoblast like cells. J Orthop Surg Res 2007;2:27. 
[13] McKay WF, Peckham SM, Badura JM. A comprehensive clinical review of recombinant human 
bone morphogenetic protein-2 (INFUSE Bone Graft). Int Orthop 2007;31:729-34. 
[14] Bessho K, Konishi Y, Kaihara S, Fujimura K, Okubo Y, Iizuka T. Bone induction by Escherichia 
coli -derived recombinant human bone morphogenetic protein-2 compared with Chinese hamster 
ovary cell-derived recombinant human bone morphogenetic protein-2. Br J Oral Maxillofac Surg 
2000;38:645-9. 
[15] Lee JH, Kim CS, Choi KH, Jung UW, Yun JH, Choi SH, et al. The induction of bone formation in 
rat calvarial defects and subcutaneous tissues by recombinant human BMP-2, produced in 
Escherichia coli. Biomaterials 2010;31:3512-9. 
[16] Ruppert R, Hoffmann E, Sebald W. Human bone morphogenetic protein 2 contains a heparin-
binding site which modifies its biological activity. Eur J Biochem 1996;237:295-302. 
[17] Kim IS, Lee EN, Cho TH, Song YM, Hwang SJ, Oh JH, et al. Promising Efficacy of Escherichia 
coli Recombinant Human Bone Morphogenetic Protein-2 in Collagen Sponge for Ectopic and 
Orthotopic Bone Formation and Comparison with Mammalian Cell Recombinant Human Bone 
Morphogenetic Protein-2. Tissue Eng Part A 2011;17:337-48. 
[18] Cho TJ, Gerstenfeld LC, Einhorn TA. Differential temporal expression of members of the 
transforming growth factor beta superfamily during murine fracture healing. J Bone Miner Res 
2002;17:513-20. 
[19] Brown KV, Li B, Guda T, Perrien DS, Guelcher S, Wenke JC. Improving Bone Formation in a Rat 
Femur Segmental Defect by Controlling BMP-2 Release. Tissue Eng Part A 2011. 
[20] Sigurdsson TJ, Nygaard L, Tatakis DN, Fu E, Turek TJ, Jin L, et al. Periodontal repair in dogs: 
evaluation of rhBMP-2 carriers. Int J Periodontics Restorative Dent 1996;16:524-37. 
[21] Hunt DR, Jovanovic SA, Wikesjo UM, Wozney JM, Bernard GW. Hyaluronan supports 
recombinant human bone morphogenetic protein-2 induced bone reconstruction of advanced alveolar 
ridge defects in dogs. A pilot study. J Periodontol 2001;72:651-8. 
[22] Kim CS, Kim JI, Kim J, Choi SH, Chai JK, Kim CK, et al. Ectopic bone formation associated with 
recombinant human bone morphogenetic proteins-2 using absorbable collagen sponge and beta 
tricalcium phosphate as carriers. Biomaterials 2005;26:2501-7. 
[23] Hong SJ, Kim CS, Han DK, Cho IH, Jung UW, Choi SH, et al. The effect of a fibrin-
fibronectin/beta-tricalcium phosphate/recombinant human bone morphogenetic protein-2 system on 
bone formation in rat calvarial defects. Biomaterials 2006;27:3810-6. 



[24] Jung UW, Choi SY, Pang EK, Kim CS, Choi SH, Cho KS. The effect of varying the particle size of 
beta tricalcium phosphate carrier of recombinant human bone morphogenetic protein-4 on bone 
formation in rat calvarial defects. J Periodontol 2006;77:765-72. 
[25] Jung RE, Hammerle CH, Kokovic V, Weber FE. Bone regeneration using a synthetic matrix 
containing a parathyroid hormone peptide combined with a grafting material. Int J Oral Maxillofac 
Implants 2007;22:258-66. 
[26] Jung RE, Windisch SI, Eggenschwiler AM, Thoma DS, Weber FE, Hammerle CH. A randomized-
controlled clinical trial evaluating clinical and radiological outcomes after 3 and 5 years of dental 
implants placed in bone regenerated by means of GBR techniques with or without the addition of 
BMP-2. Clin Oral Implants Res 2009;20:660-6. 
[27] Jung RE, Lecloux G, Rompen E, Ramel CF, Buser D, Hammerle CH. A feasibility study 
evaluating an in situ formed synthetic biodegradable membrane for guided bone regeneration in dogs. 
Clin Oral Implants Res 2009;20:151-61. 
[28] Herten M, Jung RE, Ferrari D, Rothamel D, Golubovic V, Molenberg A, et al. Biodegradation of 
different synthetic hydrogels made of polyethylene glycol hydrogel/RGD-peptide modifications: an 
immunohistochemical study in rats. Clin Oral Implants Res 2009;20:116-25. 
[29] Thoma DS, Halg GA, Dard MM, Seibl R, Hammerle CH, Jung RE. Evaluation of a new 
biodegradable membrane to prevent gingival ingrowth into mandibular bone defects in minipigs. Clin 
Oral Implants Res 2009;20:7-16. 
[30] Jung RE, Weber FE, Thoma DS, Ehrbar M, Cochran DL, Hammerle CH. Bone morphogenetic 
protein-2 enhances bone formation when delivered by a synthetic matrix containing 
hydroxyapatite/tricalciumphosphate. Clin Oral Implants Res 2008;19:188-95. 
[31] Elbert DL, Pratt AB, Lutolf MP, Halstenberg S, Hubbell JA. Protein delivery from materials formed 
by self-selective conjugate addition reactions. J Control Release 2001;76:11-25. 
[32] Jung RE, Halg GA, Thoma DS, Hammerle CH. A randomized, controlled clinical trial to evaluate a 
new membrane for guided bone regeneration around dental implants. Clin Oral Implants Res 
2009;20:162-8. 
[33] Weber FE, Eyrich G, Gratz KW, Maly FE, Sailer HF. Slow and continuous application of human 
recombinant bone morphogenetic protein via biodegradable poly(lactide-co-glycolide) foamspheres. 
Int J Oral Max Surg 2002;31:60-5. 
[34] Katagiri T, Yamaguchi A, Komaki M, Abe E, Takahashi N, Ikeda T, et al. Bone morphogenetic 
protein-2 converts the differentiation pathway of C2C12 myoblasts into the osteoblast lineage. J Cell 
Biol 1994;127:1755-66. 
[35] Hu J, Duppatla V, Harth S, Schmitz W, Sebald W. Site-specific PEGylation of bone 
morphogenetic protein-2 cysteine analogues. Bioconjug Chem 2010;21:1762-72. 
[36] Ehrbar M, Rizzi SC, Schoenmakers RG, Miguel BS, Hubbell JA, Weber FE, et al. Biomolecular 
hydrogels formed and degraded via site-specific enzymatic reactions. Biomacromolecules 
2007;8:3000-7. 
[37] Boix T, Gomez-Morales J, Torrent-Burgues J, Monfort A, Puigdomenech P, Rodriguez-Clemente 
R. Adsorption of recombinant human bone morphogenetic protein rhBMP-2m onto hydroxyapatite. J 
Inorg Biochem 2005;99:1043-50. 
[38] Weibrich G, Trettin R, Gnoth SH, Gotz H, Duschner H, Wagner W. [Determining the size of the 
specific surface of bone substitutes with gas adsorption]. Mund Kiefer Gesichtschir 2000;4:148-52. 
[39] Kubler NR, Wurzler KK, Reuther JF, Sieber E, Kirchner T, Sebald W. [Effect of different factors 
on the bone forming properties of recombinant BMPs]. Mund Kiefer Gesichtschir 2000;4 Suppl 
2:S465-9. 
 



6 Figures 

      

Figure 1: Scheme of experimental setups. Glycosylated and non-glycosylated 

rhBMP-2 was incorporated into mPEG hydrogels, adsorbed to DBBM and 

incorporated into an mPEG hydrogel together with DBBM. These samples were 

immersed in cell culture medium to investigate concentration and activity in the 

supernatant over time. In order to separate effects derived from the adsorption or 

incorporation procedures, controls devoid of rhBMP-2 were prepared and immersed 

in cell culture medium that was subsequently supplemented with rhBMP-2. Empty 

controls without rhBMP-2 were prepared in order to evaluate the effect of the bone 

substitute material degradation products on cell viability. The low biological half-life 

of rhBMP-2 was taken into account by comparing all results to a positive control of 

rhBMP-2 in cell culture medium. 



                      

Figure 2. Concentration of glycosylated and non-glycosylated rhBMP-2 in the cell 

culture medium supernatant of mPEG samples detected by an ELISA.  



 

Figure 3. Concentration of glycosylated and non-glycosylated rhBMP-2 in the cell 

culture medium supernatant of DBBM samples and controls detected by an ELISA. 

A) DBBM samples. B) DBBM controls.  



 

Figure 4. Concentration of glycosylated and non-glycosylated rhBMP-2 in the cell 

culture medium supernatant of DBBM in mPEG samples and controls detected by an 

ELISA. A) DBBM in mPEG samples B) DBBM in mPEG controls. 



 

Figure 5: Cell viability of C2C12 cells stimulated with cell culture medium 

supernatant from mPEG, DBBM and DBBM in mPEG measured by cell proliferation 

reagent WST-1. A) After 3 days of stimulation. B) After 6 days of stimulation. An 

asterisk indicates a significant difference between samples (p<0.05) 



 

 

Figure 6: DNA concentration per sample of cells stimulated with cell culture medium 

supernatant from mPEG, DBBM and DBBM in mPEG hydrogel samples determined 

by a PicoGreen assay. An asterisk indicates a significant difference between 

samples (p<0.05) 



 

Figure 7: Bioactivity and stability of non-glycosylated and glycosylated rhBMP-2. A) 

ALP activity of cells stimulated by various concentrations of non-glycosylated and 

glycosylated rhBMP-2. B) ALP activity of cells stimulated with rhBMP-2 preincubated 

for various time spans at 37 °C in cell culture medium.  



                             

Figure 8: Bioactivity of glycosylated and non-glycosylated rhBMP-2 in the cell culture 

medium supernatant of mPEG, DBBM and DBBM in mPEG samples after 15 days of 

incubation. C2C12 cells were stimulated with cell culture medium supernatant from 

the samples and incubated for 6 days followed by an ALP activity assay.  


