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Bone morphogenic protein-2 (BMP-2) is a well-known growth factor that can improve the biological perfor-
mance of bone substitute materials. BMP-2 produced via bacterial expression systems are non-glycosylated
(ng) whereas native and recombinant equivalents produced in mammalian cell expression systems are gly-
cosylated (g) proteins. ngBMP-2 is less soluble, resulting in lower BMP-2 release from carriers as used as bone
substitute materials. This seems promising for reducing the amount of included growth factor in bone substi-
tute materials. Hence, it was hypothesized that ngBMP-2 would induce formation of the same amount of
bone at an ectopic site at lower dosage as gBMP-2. To that end, gBMP-2 and ngBMP-2 were firstly in vitro
comparatively evaluated for biological activity and release from a calcium phosphate (CaP) based bone sub-
stitute material. Thereafter, an ectopic implantation model in rats was used, in which gBMP-2 and ngBMP2
were loaded in various dosages (2–20 μg/implant) on the CaP-based bone substitute material and implanted
for 4 and 12 weeks. The results revealed that both the in vitro biological activity of and the in vitro release of
ngBMP-2 are lower compared to gBMP2. Upon ectopic implantation, however, ngBMP-2 loaded implants in-
duced more bone formation at lower concentrations from 4-weeks onward compared to gBMP-2 equivalents,
indicating the value of ngBMP-2 as a potential alternative for mammalian produced recombinant BMP-2 for
bone regenerative therapies.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Bone tissue is one of the most frequently transplanted tissues in
many fields, including dentistry and orthopedics [1]. Autologous
bone grafts are still considered as the golden standard, albeit that sev-
eral major drawbacks are related to the transplantation of autologous
bone, such as postoperative morbidity, low availability and lack of
functional shape of the transplantable tissue. Consequently, research
is focusing on the development and evaluation of (synthetic) mate-
rials to replace autologous bone in grafting procedures.

Alternative (synthetic) materials for bone grafting are predomi-
nantly explored within calcium-based ceramics or cements [2,3], bio-
active glasses [4], polymer-based materials [5], and combinations
thereof [6,7]. Preferably, such synthetic bone substitute materials
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have osteogenic, osteoinductive, and osteoconductive properties
meaning that similar to autologous bone grafts, bone substitute mate-
rials are capable of forming new bone tissue, inducing cells to differ-
entiate into osteoblasts, acting as a three-dimensional structure onto
which new tissue can grow, respectively. However, many bone sub-
stitute materials do not possess all of these characteristics. This
makes that such materials are suitable for use in small, well-
vascularized areas, but not for bone regenerative treatments in
large, critical-sized defects or under compromised medical condi-
tions. Consequently, strategies to enrich (synthetic) materials with
biological factors (e.g. cytokines, chemokines, and growth factors)
are necessary in order to improve their biological performance.

Several members of the transforming growth factor-β family are
renowned for their capacity to induce bone formation [8–10], of
which the so-called bone morphogenetic proteins (BMPs) are fre-
quently used in bone tissue engineering [8,11]. BMPs, more specifical-
ly BMP-2, play a significant role in the regulation of many steps in
bone morphogenesis due to their biological functions that include
chemotaxis, differentiation, and mitosis of bone forming cells [11].
For the delivery of BMP-2 to a defect site, suitable carriers are
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necessary to provide effective availability of BMP-2 to induce differ-
entiation of bone regenerative cells and contribute to bone defect
healing [12]. It has been reported that addition of BMP-2 to natural
and synthetic polymers [13–15], hydrogels [16], ceramics [17,18] or
composites materials [19,20] as a carrier results in sustained release
and bone formation. It is assumed that the scaffold material needs
to be loaded with an “above threshold” amount of exogenous BMP
to actuate bone regenerative cells to contribute to bone formation
[12,21,22]. However, the absolute BMP-2 amounts required to stimu-
late bone formation vary among the different scaffold materials, em-
phasizing the lack of consensus on suitable loading amounts [12]. For
example, the BMP-2 amounts used in calcium phosphate cement-
based materials range from 2 [20] to 30 μg [23]. Either from a biolog-
ical point of view as well as cost effectiveness, research is focusing on
the reduction of the included growth factor.

Native BMPs and recombinant equivalents produced in mammali-
an cells are post-translationally modified through N-linked glycosyla-
tion [24], which is a major factor affecting the solubility of BMP-2.
Bacterially produced BMPs lack this glycosylation, leading to a de-
crease in solubility. Hence, the use of the less soluble non-
glycosylated BMP-2 might allow the application of lower BMP doses
to induce bone formation [25].

In the present study, the bioactivity and osteoinductive properties
of non-glycosylated BMP-2 (ngBMP-2) and glycosylated BMP-2
(gBMP-2) were comparatively evaluated. In vitro bioactivity assays,
an in vitro release assay and an in vivo rat subcutaneous model
using pre-set calcium phosphate cement (CPC) with adsorbed BMP-
2, were used to assess the in vitro bioactivity, in vitro release profile
and to evaluate the ectopic osteoinductive potential of a carrier load-
ed with ngBMP-2 compared to gBMP-2. It was hypothesized that
ngBMP-2 was biologically active and capable of inducing differentia-
tion and mineralization of osteoblast-like cells. In addition, it was hy-
pothesized that due to the effects of glycosylation on solubility the
retention of ngBMP-2 to CPC would be higher, resulting in the induc-
tion of bone at an ectopic site at lower concentrations compared to
gBMP-2 loaded equivalents.

2. Materials and methods

2.1. Materials

Calcium phosphate cement (CPC) consisted of 85% alpha tri-
calcium phosphate (α-TCP; CAM Bioceramics BV, Leiden, The Nether-
lands), 10% dicalcium phosphate anhydrous (DCPA; J.T. Baker Chem-
ical Co., USA) and 5% precipitated hydroxyapatite (pHA; Merck,
Darmstadt, Germany). The CPC powders were ball-milled and had
particle sizes of 9.7±2.0 μm, 4.5±1.9 μm, and 5.0±1.9 μm for α-
TCP, pHA, and DCPA, respectively [26]. The cement liquid applied
was a sterilized 2 wt.% aqueous solution of Na2HPO4. Acid terminated
poly(DL-lactic-co-glycolic acid) (PLGA; Purasorb®, Purac, Gorinchem,
the Netherlands) with a lactic to glycolic acid ratio of 50:50 and a mo-
lecular weight (Mw) of 17±0.02 kg/mol was used for microparticle
preparation. Recombinant human ngBMP-2 was kindly provided by
Dr. P. Hortschansky (Hans Knoell Institute, Jena, Germany). Commer-
cially available recombinant human glycosylated BMP-2 (gBMP-2;
R&D Systems MN, USA) was used for comparison.

2.2. In vitro studies

2.2.1. Bioactivity assay with C2C12 cell line
The biological activity of both gBMP-2 and ngBMP-2 was tested by

the induction of alkaline phosphatase (ALP) activity in C2C12 cells, as
described before [27]. C2C12 cells were plated at a density of
2×104 cells/cm2 and grown for 24 h in Dulbecco's Modified Eagle
Medium (DMEM; Gibco BRL Life Technologies B.V., Breda, The Neth-
erlands) supplemented with 10% fetal calf serum (FCS; Gibco).
Subsequently, medium was replaced by DMEM containing 5% FCS ei-
ther in the presence or absence of 1–1000 ng/ml ngBMP-2 or gBMP-2.
After 72 h ALP enzymatic activity was quantified by measuring the
formation of p-nitrophenol from p-nitrophenyl phosphate (PNPP,
Sigma-Aldrich, St. Louis, MO, USA) as described previously [28]. ALP
enzymatic activity was corrected for differences in cell number as de-
termined by a Neutral Red assay [29].

2.2.2. Bioactivity assay with primary rat bone marrow-derived osteoblast-
like cells

Two independent runs were performed, with for each run freshly
isolated primary rat bone marrow-derived osteoblast-like cells
(OBLCs) following the procedure described by Maniatopoulos et al.
[30]. All procedures were conducted in accordance with ISO-
standards (9001:2008) and National Guidelines for care and use of
laboratory animals after approval of the Experimental Animal Ethical
Committee (RU-DEC 2008–199). In short, bone marrow was har-
vested from femora of male Wistar rats weighing between 120 g
and 150 g. Femora were washed 3 times in α-minimal essential me-
dium (α-MEM; Gibco) containing 0.5 mg/ml gentamycin (Gibco)
and 3.0 μg/ml Fungizone (Gibco). Epiphyses were cut off and diaphy-
ses flushed out with 9 ml non-osteogenic medium (i.e. α-MEM sup-
plemented with 10% FCS (Gibco) and 50 mg/ml gentamycin
(Gibco)).The cells were divided into 2 groups; one group cultured in
non-osteogenic medium and the other group in osteogenic medium
(i.e. α-MEM supplemented with 10% FCS (Gibco), 50 μg/ml ascorbic
acid (Sigma), 10 mM Na β-glycerophosphate (Sigma), 10−8 M dexa-
methasone (Sigma) and 50 μg/ml gentamycin (Gibco)). The cells
were incubated in culture flasks at 37 °C in a humidified atmosphere
of 95% normal air and 5% carbon dioxide. The medium was changed 3
times per week. After 7 days of primary culture, the cells were de-
tached using trypsin/ethylenediaminetetraacetic acid (EDTA) (0.25%
w/v trypsin/0.02% EDTA), concentrated via centrifugation, re-
suspended in either non- or osteogenic medium, and seeded at a con-
centration of 1×104 cells/cm2 in 24-well plates (medium volume:
1 ml). Cell culture was maintained using 4 different conditions: (1)
non-osteogenic medium (−O); (2) ngBMP-2-supplemented non-
osteogenic medium (500 ng/ml) (−OBMP); (3) osteogenic medium
(+O); and (4) ngBMP-2 supplemented osteogenic medium
(500 ng/ml) (+OBMP). The medium was changed 3 times a week.
For respective groups, ngBMP-2 was added during the first week at
medium refreshments at days 0, 1, 3 and 5. Protein assay: To deter-
mine cell amounts, total protein measurements were performed
using the bicinchoninic acid (BCA) assay (Sigma) on day 4, 8, 12
and 16 (n=3). The culture medium was removed and the cells
were washed twice with PBS. After washing, 1 ml of MilliQ was
added to each sample and the samples were stored at −80 °C. Just
before analysis, the samples were subjected to two freeze-thaw cy-
cles. A standard curve was made using serial dilutions of bovine
serum albumin in MilliQ (range: 0–40 μg/ml). Then, 100 μl of sample
or standard was added to the wells of a 96-wells plate and 100 μl of
work solution (1% copper sulfate, 25% BCA in MilliQ and 24% sodium
carbonate, sodium bicarbonate, sodium tartrate in 0.2 N NaOH) was
added to all the wells. The samples were incubated at 37 °C for 2 h
and left to cool down at room temperature. The 96-wells plate was
read (Bio-Tek Instruments, Abcoude, the Netherlands) at 570 nm,
and the protein concentrations were calculated from the obtained
standard curve. Alkaline Phosphatase Activity (ALP) assay: ALP was
used as a marker for early osteoblast differentiation. For determina-
tion of ALP-activity, the same samples as for the protein assay were
used. ALP-activity was determined by adding 80 μl of the samples
and 20 μl of buffer solution (5 mM magnesium chloride, 0.5 M 2-
amino-2methyl-1-propanol) to a 96-wells plate. A standard curve
was prepared via serial dilutions of 4-nitrophenol (range: 0–25 nM),
after which 100 μl was added to a 96-wells plate. 100 μl of substrate
solution (5 mM p-nitrophenylphosphate) was added to all wells and
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the plate was incubated for 1 h at 37 °C. The reaction was stopped by
adding 100 μl of stop solution (0.3 M sodium hydroxide) to all the
wells. The plate was read at 405 nm, and ALP-activity values were
normalized to the amount of cellular protein present in the samples.
Calcium assay: To assess the formation of mineralized matrix, culture
plates were washed with PBS and 1 ml of 0.5 N acetic acid was added
to the samples for overnight incubation during gentle agitation. A
standard curve was made using serial dilutions of CaCl2·2H2O in
acetic acid (range: 0–100 μg/ml). Then, 10 μl of the sample or stan-
dard was added to the wells of a 96-wells plate and 300 μl of work so-
lution (5% o-cresolphtalein complexone, 5% 14.8 M ethanolamine, 2%
hydroxyquinoline and 88% MilliQ) was added to all wells. Samples
were incubated for 5 to 10 min at room temperature after which
the plate was read at 570 nm.

2.3. Release experiment and in vivo studies

2.3.1. Preparation of PLGA-microparticles, pre-set CPC scaffolds and load-
ing with BMP-2

PLGA-microparticles (~40 μm diameter) were prepared using a
double-emulsion-solvent-extraction technique (water-in-oil-in-
water), as described previously [31]. In brief, microparticles were pro-
duced by adding 500 μl of distilled water to 1400 mg PLGA in 2 ml
dichloromethane. The mixture was emulsified using a Turrax® emul-
sifier for 60 s at 6000 rpm. Then, 6 ml 0.3% aqueous poly (vinyl alco-
hol) (PVA, Acros Organics, Geel, Belgium) solution was added and
emulsified for another 60 s at 6000 rpm to produce a second emul-
sion. The emulsion was transferred to a stirred beaker, after which
394 ml 0.3% PVA solution and 400 ml of 2% isopropylic alcohol solu-
tion was added slowly. After 1 h of stirring, the microparticles were
allowed to sediment for 15 min and the solution was decanted.
Then, the microparticles were washed and collected through centrifu-
gation at 1500 rpm for 5 min, lyophilized and stored at −20 °C until
use. Pre-set CPC scaffolds were prepared by adding 300 mg PLGA-
microparticles to 700 mg CPC powder into a closed tip 2 mL plastic
syringe (BD Plastipak™, Becton Dickinson S.A., Madrid, Spain), after
which the content was stirred vigorously for 20 s to achieve ho-
mogenous distribution of microparticles within the cement powder
(Silamat® mixing apparatus, Vivadent, Schaan, Liechtenstein). Sub-
sequently, 2 wt.% Na2HPO4 was added to the mixture in a liquid/
powder ratio of 0.35 and mixed for 20 s using a mixing apparatus.
After mixing, the cement was immediately injected in a Teflon
mold to ensure a standardized shape of the scaffolds (Ø 7.8 mm,
height 2.8 mm) and placed overnight at 37 °C. To create an instanta-
neous open porous structure, the pre-set scaffolds were placed in a fur-
nace at 650 °C for 2 h to burn out the polymer. Finally, CPC scaffolds
were sterilized by autoclavation and characterized using scanning elec-
tron microscopy (SEM; JEOL6310 at 15 kV). The total porosity of the
samples was calculated by the following equation [31]:

εtot ¼ 1−m burnt
v�ρHAP

� �
� 100%

εtot = total porosity (%)
mburnt = average mass sample (after burning out polymer) (g)
V = volume sample (cm3)
ρHAP = density hydroxyl apaptite (g/cm3)

To measure the open interconnective porosity of the burned-out
pre-set CPC scaffolds, mercury (Hg) porosimetry was performed using
PoreMaster®GTmercury intrusion porosimeter (Quantachrome instru-
ments, Odelzhausen, Germany). Burned-out pre-set CPC scaffolds were
placed into the system and the intrusion of Hg was analyzed under low
pressure conditions. Loading of the burned-out pre-set CPC scaffolds
with BMP-2 was performed via adsorption. Therefore, a volume of
30 μl growth factor solution containing 1, 5 or 10 μg gBMP-2 or
ngBMP-2was applied to the surface of each side of the scaffold to obtain
final amounts of 2, 10 or 20 μg BMP-2/scaffold. Thereafter, the scaffolds
were frozen and lyophilized. To visualize the distribution of the added
drugswithin theburned-out pre-set CPC scaffolds, albumin frombovine
serum (BSA) labeled with alexa fluor 488 (Invitrogen, Life Technologies
Europe BV, Bleiswijk, The Netherlands) was used as model protein. The
loading of labeled BSA (2, 10 or 20 μg BSA/scaffold) to the CPCwas sim-
ilar as described previously. Thereafter, the scaffolds were frozen and
lyophilized. The BSA loaded CPC were overnight fixed in 4% formalin.
Subsequently, the tissue blockswere embedded inmethylmethacrylate.
Perpendicularly through the implants, thin sections (10 μm) were pre-
pared using a microtome with diamond blade (Leica Microsystems SP
1600, Nussloch, Germany) [32]. The sections were visualized using a
reflectant fluorescence microscope with a Zeiss filter set 00, consisting
of a 530–585 nm band-pass excitation filter (Carl Zeiss B.V., Sliedrecht,
The Netherlands).

2.3.2. Release experiment
gBMP-2 and ngBMP-2 were labeled with 125I, as described previ-

ously [33]. Briefly, in a 500 μl eppendorf tube coated with 100 μg
iodogen, 10 μl of 0.5 M phosphate buffer saline (PBS) was added.
Growth factor (25 μg) and 10–15 MBq 125I (Perkin-Elmer, Boston,
MA) was added and incubated at room temperature for 10 min,
after which 100 μl of saturated tyrosine solution in PBS was added.
The labeling efficiency of the reaction was 67.6% and 23% for gBMP-
2 and ngBMP-2, respectively. To remove the non-bound 125I, the reac-
tion mixture was eluted using 0.1% BSA in PBS on a pre-rinsed dispos-
able Sephadex G25M column (PD-10; Pharmacia, Uppsala, Sweden).
The specific activity of the labeled protein was 18.7 μCi/μg for
gBMP-2 and 9.1 μCi/μg for ngBMP-2. CPC scaffolds were loaded simi-
larly as described above with either 125I-gBMP-2 or 125I-ngBMP-2 so-
lutions using a hot/cold mixture of BMP-2, containing 1 μCi per
scaffold (for gBMP 1 μCi~0.053 μg BMP-2; for ngBMP 1 μCi~0.110 μg
BMP-2). A volume of 30 μl 125I-gBMP-2 or 125I-ngBMP-2 hot/cold so-
lution containing 1, 5 or 10 μg BMP-2 was carefully loaded onto the
surface of each side of the scaffold to obtain final amounts of 2, 10
or 20 μg BMP-2/scaffold. Thereafter, the scaffolds were frozen and ly-
ophilized. CPC scaffolds loaded with 125I-labeled BMP-2 (n=3) were
placed in 10 ml glass vials for evaluation of in vitro BMP-2 release ki-
netics and incubated in 3 ml PBS at 37 °C on an orbital shaker at low
rotational speed (60 rpm) for 28 days. At days 1, 4, 7, 14, 21 and 28,
the samples were carefully transferred to new vials containing fresh
PBS, after which gamma emission of the samples was measured in a
shield well-type gamma counter (Wizard, Pharmacia-LKB, Uppsala,
Sweden). Standards were measured simultaneously to correct for ra-
dioactive decay. The remaining activity in the scaffolds was expressed
as percentage of the initial dose.

2.3.3. Surgical procedure
Twenty-four healthy young adult (8 weeks old) male Wistar rats

were used as experimental animals. National guidelines for the care
and use of laboratory animals were observed. The research was
reviewed and approved by the Experimental Animal Committee of
the Radboud University (RUDEC 2010–062). Anesthesia was induced
and maintained by Isoflurane inhalation (Rhodia Organique Fine Lim-
ited, Avonmouth, Bristol, UK). To minimize post-operative discom-
fort, Rimadyl (Carprofen, Pfizer Animal Health, New York, USA) was
administered intraperitoneally (5 mg/kg) before the surgery, directly
after the surgery and subcutaneously for two days after surgery. Four
CPC scaffolds were subcutaneously implanted into the back of each
rat. To insert the scaffolds, rats were immobilized on their abdomen
and the skin was shaved and disinfected with chlorhexidine. On
both sides of the vertebral column, two small paravertebral incisions
were made through the full thickness of the skin. Lateral to the
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incisions, a subcutaneous pocket was created using blunt dissection.
Subsequently, one implant was inserted into each pocket. Finally,
the skin was closed using staples (Agraven, Instruvet, Boxmeer, The
Netherlands). In total, ninety-six implants were placed according to
a randomization scheme (n=8 for each group per implantation peri-
od). The animals were housed in pairs. In the initial postoperative pe-
riod, the intake of water and food was monitored. Further, the
animals were observed for signs of pain, infection and proper activity.
At the end of the implantation time, the rats were sacrificed by CO2-
suffocation.
2.3.4. Implant retrieval and histological preparations
Implants were retrieved after a 4 or 12 week implantation period.

After sacrifice, implants with surrounding tissue were excised and
fixed in 4% formalin. Subsequently, the tissue blocks were dehydrated
in increasing ethanol concentrations (70–100%) and embedded in
methylmethacrylate. Perpendicularly through the implants, thin sec-
tions (10 μm) were prepared using a microtome with diamond blade
(Leica Microsystems SP 1600, Nussloch, Germany) [32]. Three sec-
tions of each implant were stained with methylene blue and basic
fuchsin and examined using light microscopy (Leica Microsystems
AG, Wetzlar, Germany). From the control, 20 μg/cement ngBMP-2
and gBMP-2 12 weeks implantation groups, MMA samples were
polished and gold sputter-coated prior to analysis with Scanning elec-
tron microscopy (JEOL 6330) using Back-Scattered Electron (BSE)
mode for histomorphometrical analysis. Using BSE mode, It is possi-
ble to distinguish bone from the implanted scaffold based on the re-
spective densities of the two substances. In addition, two samples of
the 20 μg/cement ngBMP-2 and gBMP-2 12 weeks implantation
group were deplastified, decalcified (Sakura Finetek, Syntec Scientific,
Dublin, Ireland) for 16 h, dehydrated through a series of graded etha-
nol and embedded in paraffin. Using a microtome (Leica RM 2165,
Leica Microsystems, Nussloch, Germany), 6 μm thick sections were
prepared and stained with Goldner Trichrome.
2.3.5. Histological and histomorphometrical evaluation
Sections of MMA-embedded specimens (at least 3 sections per

specimen) were quantitatively assessed using computer-based
image analysis techniques (Leica® Qwin Pro-image analysis system,
Wetzlar, Germany). From digital images (magnification: 5×), the
total amount of newly-formed bone surrounding the CPC scaffold
was determined and expressed in area measures (mm2). Sections of
decalcified, paraffin-embedded specimens stained with Haematoxy-
line–eosine and Goldner trichrome (at least 3 sections per specimen)
were qualitatively examined for tissue ingrowth.
Fig. 1. ALP activity of the C2C12 cells after 72 h stimulation with gBMP-2 or ngBMP-2.
C2C12 cells demonstrate a dose-dependent ALP-activity. ALP-activity was significantly
increased by gBMP-2, and ngBMP-2. Results are shown as means±SD of triplicate
samples for one representative experiment out of two. (***) pb0.001.
2.4. Statistical analyses

Statistical analysis of the in vitro bioactivity assay measurements
was performed using GraphPad Instat 3.05 software (GraphPad Soft-
ware Inc., San Diego, CA) using one-way analysis of variance with a
Tukey multiple comparison post test. Differences were considered
significant at p-values less than 0.05. Statistical analysis of the release
experiment measurements was performed using SPSS, version 16.0
Fig. 2. (A) Cellular protein content and (B) Alkaline phosphatase (ALP) activity of and
(C) mineralization (calcium deposition) by rat osteoblast-like cells cultured in non-
osteogenic (−O) or osteogenic (+O) medium in the presence or absence of ngBMP-
2. Results are shown as mean±SD of triplicate samples for one representative experi-
ment out of two. (***) pb0.001.

image of Fig.�2
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(SPSS INC., Chicago, Illinious USA). The statistical comparisons were
performed using 2-tailed Student's t-test. Differences were consid-
ered significant at p-values less than 0.05. Statistical analysis of
bone formation measurements was performed using SPSS, version
16.0 (SPSS INC., Chicago, Illinious USA). The statistical comparisons
were performed using a one-way analysis of variance (ANOVA)
with a Tukey multiple comparison post-test. Differences were consid-
ered significant at p-values less than 0.05.

3. Results

3.1. In vitro studies

Two independent runs of the bioactivity assay with C2C12 cells
showed similar results. C2C12 cells cultured in the presence of the
different types of BMP-2 demonstrated a dose-dependent ALP-
activity. The threshold for the detection of ALP-activity was
~125 ng/ml for gBMP-2 and 250 ng/ml for ngBMP-2 with significant
higher values (pb0.001) for gBMP-2 at each concentration (Fig. 1).
Two independent runs of cell culture experiments with primary rat
bone marrow derived OBLCs showed similar results. OBLCs cultured
in all types of medium showed an increase in the cellular protein con-
tent between day 4 and 12 after cell seeding, with higher maximum
values for −O and −OBMP. Thereafter, the protein content in all ex-
perimental groups decreased (Fig. 2a). For all experimental groups,
ALP-activity was observed from day 4 onwards, showing maximum
values at day 8 (Fig. 2b). In general, ngBMP-2 addition significantly
increased ALP-activity in −O as well as +O in the first 8 days of cul-
ture. For mineralization (Fig. 2c), a gradual increase in calcium
amounts was observed from day 4 onward for +O and +OBMP. Sig-
nificantly higher values (pb0.001) were observed for +OBMP com-
pared to +O at each individual time point. For −O and −OBMP, no
increase in calcium amounts was observed.

3.2. CPC scaffolds, drug loading and release experiment

CPC scaffolds were characterized using SEM (Fig. 3) and demon-
strated different types of porosity: intrinsic microporosity (pore size
~10 nm–100 nm) related to material setting and crystallization, and
macroporosity (pore size: ~40 μm) resulting after burning out
Fig. 3. Characterization of porous CPC scaffolds. Microscopic SEM micrographs of com-
posite material before (A) and after (B) burning out the PLGA-microparticles. Bar rep-
resents 100 μm. (C) The distribution of low, middle or high dose of the model protein
alexa fluor 488 labeled BSA within porous CPC scaffolds. Bar represents 500 μm.
PLGA-microparticles. The total porosity (consisting of the intrinsic
porosity of material and additional porosity after PLGA-
microparticle degradation) was determined by measuring the weight
of pre-set composite disks (with and without PLGA-microparticles)
and comparing it to a fictitious, solid hydroxyapatite disk with the
same dimensions. The porosity measurements demonstrated a total
porosity of 75.5±1.3%. The interconnective porosity as analyzed by
Hg intrusion porosimetry revealed a porosity of 21.3%. Drug loading
was visualized using cross-sections of CPC-scaffolds loaded with dif-
ferent amounts of alexa fluor 488 labeled BSA (Fig. 3). In all concen-
trations, the distribution of the protein is only observed peripherally
and not in the center of the implants. However, a dose-dependent ef-
fect is observed whereby with increasing BSA concentrations the pro-
tein infiltration is enlarged. The release and retention after 28 days of
125I-gBMP-2 and 125I-ngBMP-2 for the low (2 μg), middle (10 μg), and
high (20 μg) dose implants are depicted in Fig. 4 and Table 1. In gen-
eral, all scaffolds retained their integrity during the entire experiment
and showed an initial burst release within 1 day, followed by a sus-
tained release till day 28 (Fig. 4A). For gBMP-2, the burst release
(Fig. 4B) was 17.4±7.8, 14.3±5.8 and 11.7±1.0% for low, middle
and high dose loaded scaffolds, respectively. For ngBMP-2, the burst
release was 16.1±2.4, 22.0±0.7 and 16.0±3.8 for low, middle and
high dose loaded scaffolds, respectively. The overall sustained release
(Fig. 4B; % per day) from day 1–28 of ngBMP-2 compared to gBMP-2
was significantly lower (pb0.001, overall sustained release of 0.63
±0.07% and 0.88±0.17% for ngBMP-2 and gBMP-2, respectively).
Separately, the sustained release from day 1 to day 28 was significant-
ly lower for the low ngBMP-2 loaded scaffolds compared to gBMP-2
loaded scaffolds (pb0.05, sustained release of 0.86±0.15 and 0.56
±0.07%/day for gBMP-2 and ngBMP-2, respectively). A similar ten-
dency was observed for the middle and high ngBMP-2 loaded scaf-
folds compared to the high gBMP-2 loaded scaffolds (for the middle
dosage p=0.146, sustained release of 0.90±0.26 and 0.63±0.03%/
day for gBMP-2 and ngBMP-2, respectively; for the high p=0.130,
sustained release of 0.87±0.161 and 0.69±0.03%/day for gBMP-2
and ngBMP-2, respectively). After 28 days, the total release (Fig. 4B)
for gBMP-2 was 40.6±4.0, 38.7±3.4 and 35.1±4.5% for low, middle
and high dose loaded scaffolds, respectively. For ngBMP-2, the total
release was 31.4±2.4, 39.1±0.5 and 34.6±3.6% for low, middle
and high dose loaded scaffolds, respectively. These release results
show significantly increased protein retention for ngBMP-2 in the
low loaded groups compared to low gBMP-2 (pb0.05), whereas no
significant differences were observed for the middle and high loaded
groups.

3.2.1. Descriptive light microscopy
All specimens showed a fibrous capsule surrounding the scaffold

after both 4 and 12 weeks of implantation, without the presence of
inflammatory cells at the interface. Fig. 5 presents an overview of his-
tological sections of the specimens after each implantation period as
well as higher magnifications of the newly-formed bone tissue at
the interface between CPC scaffold and tissue. Bone formation was
observed for all BMP-2 loaded implants after both 4 and 12 weeks
of implantation, but was absent for unloaded controls. Bone forma-
tion and fibrous tissue were only observed peripherally and not in
the center of the implants in any of the sections (Figs. 5 and 6).
Bone formation was most pronounced for high dose ngBMP-2 loaded
scaffolds after 12 weeks of implantation.

3.2.2. Histomorphometrical evaluation
Quantitative results of ectopic bone formation are shown in Fig. 7.

After 4 weeks of implantation, a dose-dependent amount of bone for-
mation was observed for both gBMP and ngBMP, whereas no bone
formation was observed for controls. A significant higher amount of
newly-formed bone (pb0.001) was found for low dose ngBMP scaf-
folds compared to gBMP equivalents. The amount of newly-formed

image of Fig.�3


Table 1
The release in percentage of gBMP-2 and ngBMP-2 from porous CPC.

Burst release (%) Cumulative sustained rele

D 1 D 4 D

Low gBMP-2 17.4±7.8 24.7±1.3 2
Middle gBMP-2 14.3±5.8 22.2±1.8 2
High gBMP-2 11.7±1.1 17.9±2.5 2
Low ngBMP-2 16.1±2.4 20.1±3.2 2
Middle ngBMP-2 22.0±0.7 26.4±0.5 3
High ngBMP-2 16.0±3.8 21.9±3.5 2

Low, middle and high: 2 μg, 10 μg or 20 μg loaded carrier with either gBMP-2 or ngBMP-2.
⁎ pb0.05 as compared between both groups at the specific time point.

Fig. 4. Longitudinal scintigraphic assessment of low (L), middle (M) and high (H) dose
gBMP-2 and ngBMP-2 (A) released from loaded porous CPC scaffolds during 28 days
and (B) the in vitro burst release (after 1 day), sustained release (the release per day
from day 1–28) and the retention after 28 days. The release and retention is expressed
as percentage of the ratio of initial loading amount. Error bars represents the mean
±SD (n=3). (*) pb0.05.
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bone significantly increased in time (for gBMP-2 loaded scaffolds
pb0.01; for ngBMP-2 loaded scaffolds pb0.001) for all types of scaf-
folds (except controls) with a maximum of ~1 mm2 after 4 weeks to
a maximum of ~7 mm2 after 12 weeks. Similar to week 4 observa-
tions, significant higher amounts of newly-formed bone (pb0.001)
were found for low dose ngBMP scaffolds compared to gBMP equiva-
lents after 12 weeks of implantation.

4. Discussion

For clinical application, the availability of recombinant human
BMP-2 at acceptable costs is mandatory. In view of that, large-scale
BMP-2 production via a bacterial host might be a good alternative
for mammalian cells for reasons of cost effectiveness [34]. However,
bacterially produced BMP-2 lacks a glycosylation site and hence is
structurally different to and less soluble than the native, post-
translationally modified mammalian BMP-2. Consequently, this
study comparatively evaluated the bioactivity of non-glycosylated
(ng) and glycosylated (g) BMP-2 using in vitro bioactivity and release
assays and an ectopic animal model, in which different amounts
(2–20 μg) BMP-2 were loaded onto a porous calcium phosphate ce-
ment (CPC) carrier. It was hypothesized that less soluble ngBMP-2
was biologically active and would induce more bone ectopically com-
pared to more soluble gBMP-2. In vitro bioactivity assays revealed
that ngBMP-2 is less active than gBMP-2, however ngBMP-2 was
still capable of inducing differentiation and mineralization of primary
rat osteoblast-like cells. The overall sustained release from day 1–28
of ngBMP-2 was significantly lower as compared with gBMP-2. Sepa-
rately, a significant decrease in sustained release for low ngBMP-2
loaded scaffolds as compared with gBMP-2 loaded scaffolds was ob-
served leading to an increased amount of retained protein after
28 days. In vivo ectopic bone formation demonstrated that ngBMP-2
is capable of inducing significant more bone at low dosage (2 μg/
CPC) from four weeks onward compared to gBMP-2.

The regenerative capacity of BMP-2 is dependent on its ability to
stimulate the pre-osteoblastic cells to differentiate into bone forming
cells leading to the formation of new bone. In the current study, a dif-
ference in levels of the activity of early osteoblastic differentiation
marker ALP in C2C12 cells cultured in the presence of ngBMP-2 com-
pared to gBMP-2 was observed. Nevertheless, ngBMP-2 demonstrat-
ed to be capable of inducing differentiation and mineralization of
primary rat osteoblast-like cells. In contrast, several studies reported
equal levels of ALP-activity for cells cultured in the presence of
gBMP-2 or ngBMP-2 [35,36] indicating a comparable in vitro potency
of both types of BMP-2 as osteoinductive factor. Due to inconsistency
in different reports on the efficacy of both types of BMP-2 in in vitro
experiments, the precise effect of glycosylation on bioactivity remains
unclear.

The release profiles of adsorbed ngBMP-2 and gBMP-2 showed an
initial burst release (within 1 day) followed by a sustained release
(from day 1–28) of in total approximately ~35% for the ngBMP-2
loaded scaffolds and ~38% for the gBMP-2 loaded scaffolds, which
were similar to earlier reported ones, describing a release up to
ase (%)

7 D 14 D21 D28

9.4±2.69 33.7±3.8 36.5±5.7 40.6±4.0
5.7±2.3 26.5±9.2 35.5±3.2 38.7±3.4
3.7±3.4 27.9±3.5 31.3±3.2 35.1±4.5
3.6±4.1 28.2±5.9 29.3±3.7 31.4±2.4⁎

1.5±2.9⁎ 33.6±0.3 36.5±0.8 39.1±0.5
5.2±2.5 28.1±5.4 31.2±5.1 34.6±3.6
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Fig. 5. Histological sections of the low dose gBMP-2 and ngBMP-2 loaded porous CPC
scaffolds after 4 and 12 weeks implantation. Bar represents 500 μm. Magnifications of
the boxes show low dose gBMP-2 and ngBMP-2 loaded porous CPC scaffolds after
12 weeks of implantation. Bar represents 100 μm. Methylene blue and basic fuchsin
staining.

Fig. 6. Cross-sections of Control (A, D) and high dose gBMP-2 (B, E, G) and ngBMP-2 (C,
F, H) loaded porous CPC scaffolds after 12 weeks implantation observed with SEM, back
scattering SEM and histological with Goldner trichrome staining, respectively. Bone
(+) and CPC scaffold (−) are indicated in the back scattering SEM micrographs and
Goldner trichrome stained sections.
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~40% [37]. Despite similar release profiles of both BMPs, the sustained
release per day for the low ngBMP-2 loaded scaffolds was significant-
ly reduced and a tendency was observed in the middle and high
ngBMP-2 loaded scaffolds compared to gBMP-2 loaded scaffolds.
These results are in line with the data of the amounts of BMP-2
retained onto the implants after 28 days, showing significantly higher
amounts for low ngBMP-2 compared to low gBMP-2, whereas for
middle and high loaded implants similar amounts were observed
for ngBMP-2 and gBMP-2. Although after 28 days the BMP-2 reten-
tion is only significantly different for the low dosages, the overall sus-
tained release of ngBMP-2 compared to gBMP-2 is significantly lower,
indicating an effect of glycosylation on protein release. Interestingly,
after a similar implantation period in vivo, low dosages of ngBMP-2
induced significantly more ectopic bone formation compared to low
gBMP-2 dosages. As it is likely that the biological process of bone for-
mation is related to the presence of BMP-2 at the implant and its sol-
ubility, the significantly increased amounts of ngBMP-2 retained onto
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Fig. 7. Osteoinductive capacity of gBMP-2 and ngBMP-2 loaded carriers at an ectopic lo-
cation after 4 (A) and 12 (B) weeks implantation period. Bone formation is only ob-
served in the BMP-2 loaded carriers. In addition, ngBMP-2 can significantly induce
more bone at lower concentrations compared to gBMP-2 at both implantation periods.
Error bars represent means±standard deviation. (***)=pb0.001; n>7.
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the implants are suggested to be responsible for this observation. This
higher retention of ngBMP-2 corroborates earlier findings [25] that
indicated a decreased solubility of ngBMP-2 in fibrin matrices. Addi-
tionally, this indicates that the biological activity of BMP-2 is not di-
rectly depending on release but rather on availability and solubility,
in either released or bound form, in a specific area.

The sustained release and thus bone formation is carrier depen-
dent due to altered release rates of BMP-2 from the different carriers
[12]. For example, the retention of gBMP-2 within an alginate mesh is
significantly increased compared to a collagen sponge in the first
week after which the difference diminishes [38]. Together with the
finding of Brown et al., who reported a positive effect on bone forma-
tion after a BMP-2 burst release and a subsequent sustained release, it
was suggested that a combination of relatively high initial release and
a low sustained release thereafter may be beneficial for growth factor
efficacy [39]. The release kinetics observed in the current study cor-
roborate earlier findings and indicate a similar effect [37]. However,
the BMP-2 activation in relation to the bioactivity of BMP-2 needs
to be observed as a complex factor. It is assumed that BMP-2 not
only acts in released form, but also when it is presented in an
adsorbed form to the target cells [20,40]. However, up to date the
ability to discriminate the contribution of adsorbed and released
forms of BMP-2 is not available.

The induction of ectopic bone tissue by BMP-2 adsorbed to pre-set
CPC scaffolds showed to be both dose- and time-dependent with sig-
nificantly higher bone formation induced by ngBMP-2 at low dosage
compared to gBMP-2. The amount of ectopic bone formation was
comparable to previous experiments with subcutaneous implantation
of scaffolds containing adsorbed glycosylated (rh)BMP-2 [18,41].
Bone tissue was predominantly formed in the periphery of the porous
CPC scaffolds as well as at the material/tissue interface. This observa-
tion is likely related to the rapid and strong interaction between pro-
teins (e.g. BMP-2) and the pre-set CPC scaffolds and the limitations
micrometer-scale porosity brings along regarding cell penetration.
In general, proteins rapidly adsorb to CaP-basedmaterials due to elec-
trostatic interactions [42], which even can become stronger upon
conformational changes of adsorbed proteins. More particularly,
Ruhé et al. studied the effect of albumin pre-treatment of pre-set, po-
rous CPC scaffolds on BMP-2 release under different conditions [43]
and demonstrated that albumin pre-treatment only had a marginal
effect on the limited release of BMP-2, emphasizing the capacity of
pre-set CPC scaffolds to retain adsorbed proteins. Penetration of
(bone) tissue into a porous relies on the size of the pores and their in-
terconnectivity. In relation to CPC, Link et al. demonstrated that tissue
ingrowth into pre-set CPC scaffolds containing PLGA-microparticles
occurred when pore size exceeded 50 μm and interconnectivity was
obtained by incorporating sufficient porogen, in their case at least
20 wt.% PLGA-microparticles [44]. The pre-set porous CPC scaffolds
used in the present studyweremadeusing smaller PLGA-microparticles
(i.e. 40 μm) and a higher amount (i.e. 30 wt.%). Based on the observa-
tions that bone formation and tissue ingrowth were limited to the pe-
riphery of the pre-set CPC scaffolds, as additionally shown using
paraffin-embedded decalcified sections, the created porosity within
these scaffolds apparently was insufficient for cell penetration.

In summary, the present study revealed that ngBMP-2 is less bio-
logically active in vitro compared to gBMP-2, however still capable of
inducing osteoblast-like cells to differentiate and mineralize. In addi-
tion, ngBMP-2 showed slower release from a CaP-based implant com-
pared to gBMP-2. Despite lower biological activity and release in
vitro, ngBMP-2 significantly increased ectopic bone formation at low
dosages. This observation provides strong evidence that the efficacy
of ngBMP-2 in vivo is enhanced compared to gBMP-2 and reflects
its value for enrichment strategies for biomaterials, bone tissue engi-
neering and bone regenerative treatments.
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