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Abstract

The aim of the present study was to evaluate the effect of different dosages of retarded vs. rapid release 
of bone morphogenic protein 2 (BMP2) at different recipient sites. Porous composite poly(D,L-lactic acid) 
(PDLLA)/CaCO3 scaffolds were loaded with three different dosages of rhBMP2 (24 µg, 48 µg and 96 µg) and 
implanted, together with blank controls, both into non-healing defects of the mandibles and into the gluteal 
muscles of 24 adult male Wistar rats. After 26 weeks, bone formation and expression of bone specific markers 
[alkaline phosphatase (AP) and Runx2] were evaluated by histomorphometry and immunohistochemistry. 
Results showed that the mode of delivery had no quantitative effect on bone formation in mandibular 
sites. Expression of AP and Runx2 showed significant differences among the three dosage groups. There 
were significant correlations between the expression of both AP and Runx2, as well as, the extent of bone 
formation, with both retarded and rapid release of rhBMP2. In ectopic sites, retarded release significantly 
enhanced bone formation in the low and medium dosage groups, compared to rapid release. Expression of 
AP was significantly higher and Runx2 significantly lower in ectopic sites, compared to mandibular sites. 
Significant correlations between the expression of bone specific markers and bone formation occurred only in 
the retarded delivery groups, but not in the rapid release groups. Within the limitations of the experimental 
model, it was concluded that retarded delivery of BMP2 was effective, preferably in sites with low or non-
existing pristine osteogenic activity. Expression of bone specific markers indicated that osteogenic pathways 
might be different in mandibular vs. ectopic sites.

Keywords: Bone morphogenic protein, retarded release, ectopic, orthotopic, bone specific markers, bone 
formation.
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Introduction

Bone growth factors (BMPs), namely BMP2 and 
BMP7, have been in clinical use for several years with 
a variety of indications (Kelly et al., 2016; Delawi et 
al., 2016; Friedländer et al., 2001; Buttermann, 2008). 
Dosages applied are mostly excessive compared to 
physiological levels, with adverse events and serious 
side effects being reported in many studies (Burkus et 
al., 2002; Smucker et al., 2006, Hwang et al., 2009). One 
reason for the use of supraphysiological dosages is 
the insufficient mode of delivery, indicating the need 
for the development of controlled-release carriers 
to reduce the applied dosages. This has prompted 
extensive research efforts, with a large variety of 
materials being tested and validated (for review 
see Kanczler and Oreffo, 2008; Gothard et al., 2014). 

Alongside this large body of research, experimental 
reports indicate that retarded release may be of little 
effect with regard to the amount of bone generated 
(Gruber et al., 2015; Geuze et al., 2012). In addition, the 
reaction to different release kinetics of bone growth 
factors may be site specific, with respect to orthotopic 
vs. ectopic sites (Kempen et al., 2009; Patel et al., 2008).
	 Reports on the clinical use of bone morphogenetic 
proteins in craniofacial repair suggest that, in human 
applications, recipient site reactions to BMPs vary 
depending on the nature of the defect. On the one 
hand, rapid delivery of BMP2 from collagen sponges 
for primary mandibular reconstructions after 
segmental resections of benign bone pathology with 
preserved periosteum is very successful (Clokie and 
Sandor, 2007; Herford et al., 2007; Carter et al., 2008; 
Herford and Cicciu, 2010; Glied and Kraut, 2010). 
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However, BMP2 rapid delivery is associated with 
a high percentage of failure in sites of secondary 
reconstructions, after infection or previous surgery 
(Schliephake, 2015). If recipient site conditions in 
experimental animals are supposed to mimic clinical 
situations, orthotopic sites in adult animals may 
represent clinical defects with fresh bone wounds 
and viable periosteum. Instead, ectopic sites may 
reflect clinical situations with poor or even absent 
pristine osteogenic activity, such as orofacial defects 
after repeated surgical interventions.
	 Thus, it was felt desirable to analyse, in a 
systematic way, the effect of different dosages of 
BMP2, with different modes of delivery and under 
different recipient site conditions, to assess the 
usefulness of retarded delivery. Gas foamed porous 
poly(D,L-lactic acid) (PDLLA)/CaCO3 composite 
carriers were used for both retarded and rapid 
delivery of rhBMP2. A rodent model was chosen, 
since it is recommended for the comparison of 
multiple groups requiring larger numbers of animals 
(Hollinger and Kleinschmidt, 1990). Observations 
were carried on for long period, corresponding to 
intervals of long-term bone regeneration in humans, 
as it is well-known that bone turnover is several times 
higher in rodents than in humans and that bone 
growth continues much longer after sexual maturity 
is reached in rats, compared to other animals (Histing 
et al., 2001; Garcia et al., 2013). Moreover, effect of 
bone growth factor delivery may be temporary both 
in negative and positive direction (Schliephake et 
al., 2015a, Hernandez et al., 2012; Ramazanoglu et 
al., 2013; Guillot et al., 2016). Therefore, late stages of 
bone healing appeared to be even more useful, when 
addressing sustained effects of retarded vs. rapid 
delivery of bone growth factors.

Material and Methods

Preparation of delivery devices
Porous carriers for the delivery of rhBMP2 were 
produced using gas foaming of PDLLA/CaCO3 
composite granules, as previously described 
(Schliephake et al., 2015b). Briefly, amorphous PDLLA 
(16 g, RESOMER® R 208, inherent viscosity 1.8 dL/g; 
Boehringer, Ingelheim, Germany) and 4 g of CaCO3 
(average particle size 12 µm; Schaefer Kalk GmbH 
and Co. KG, Diez, Germany) were dry-processed into 
granules of 200-400 µm in diameter (Schliephake et 
al., 2015b). For rhBMP2 retarded delivery carriers, the 
resulting powder was mixed with aqueous solutions 
of rhBMP-2 (from Escherichia coli) (ReliaTech, 
Braunschweig, Germany) at concentrations of 400, 
800 and 1600  µg/g of composite (groups 1A, 1B 
and 1C, respectively). The mixtures of the different 
dosages of rhBMP2 and PDLLA-CaCO3 powder 
were lyophilised overnight. Porous carriers of 8 mm 
diameter and 3 mm thickness were fabricated using 
supercritical carbon dioxide [CO2 pressure of 10 MPa 
for 2 h at 37 °C, filling time 20 min, incubation time 

120 min, venting time 20 min (500 kPa/min)] to foam 
0.06  g each of the growth factor-loaded granular 
powder, in custom-made polytetrafluorethylene 
(PTFE) moulds. This resulted in the dosages of 
24 µg, 48 µg and 96 µg per carrier (groups 1A, 1B 
and 1C, respectively). Previous experiments show 
that biologically active rhBMP2 is delivered from 
these carriers (Schliephake et al., 2015b). The dosage 
levels of rhBMP2 were chosen based on previous 
experiments with pure PDLLA carriers showing that 
in vivo induction of bone tissue occurred at dosages 
between 400 µg of rhBMP2 per g of polymer and the 
maximum applicable dosage of 1600 µg of rhBMP2 
per g of polymer (Schliephake et al., 2007; Gruber et 
al., 2009).
	 For rapid delivery, blank PDLLA/CaCO3 carriers 
were fabricated and loaded with 1.0  mL solution 
containing the respective growth factors dosage 
(24 µg, 48 µg and 96 µg per carrier; groups 2A, 2B 
and 2C, respectively). The solution was applied to 
the surface of the carriers and left for adsorption for 
30 min, before implantation.
	 Blank PDLLA/CaCO3 carriers without growth 
factor loading served as empty control (group 0).

Evaluation of growth factor release from the 
scaffolds
Blank scaffolds and scaffolds loaded with the 
aforementioned amounts of rhBMP2, for both 
rapid and retarded delivery, were immersed into 
cell culture medium [Dulbecco’s modified Eagle’s 
medium (DMEM) containing 1 g of glucose; Gibco)] 
in bovine serum albumin (BSA)-coated 24 well plates 
(Sigma-Aldrich). The complete medium was collected 
daily and rhBMP2 release was assessed by pooling 
the respective aliquots after 24 h, 3 d and every week 
thereafter until day 35. rhBMP2 content was assessed 
using a custom-made, commercially produced ELISA 
sandwich (Dr Mark Hennies, Euskirchen, Germany). 
The minimum rhBMP2 detectable amount was 100 pg/
mL. Measurements were performed in triplicate for 
each scaffold. Three scaffolds were evaluated per 
dosage group. In the groups with adsorbed growth 
factor and rapid release, after day 7, the evaluation 
was only carried out every two weeks, as most of 
the growth factors had already been released after 
the first week. Release data from the 5 week period 
were processed by curve fitting, using Excel routines 
(Microsoft, products.office.com), in order to estimate 
the amount of growth factor that was released during 
the scheduled in vivo observation period of 26 weeks. 
The experimental data recorded for fast and retarded 
cumulative rhBMP2 release were fitted into a simple 
exponential function for fast delivery

and a double exponential function for retarded 
delivery

where Q∞ is the extremal value for infinite times and 



164 www.ecmjournal.org

N Moser et al.                                                                                       Do we need retarded delivery of bone growth factors?

λf and λs denote the fast and slow time constants of 
fast surface desorption and slow diffusion through 
a matrix type delivery system.

Surgical procedures/implantation of carriers
The ability of the scaffolds to induce bone formation 
in vivo was assessed by implantation of the carriers 
into fresh, non-healing defects of the mandibles and 
into the gluteal muscles of 24 adult male Wistar rats 
(Rattus norvegicus, average weight 460  g, weight 
range 310-510 g; Charles River, Sulzfeld, Germany). 
For implantation into the mandible, the mandibular 
angle was exposed by performing a submandibular 
incision and a non-healing defect was created in the 
mandibular bone, inferior to the mandibular canal 
(Fig. 1a). In ectopic sites, carriers were implanted 
into the glutaeus maximus muscle after incision of the 
skin overlying the muscle. All surgical procedures, 
housing and animal care were carried out according 
to the regulation of the State of Lower Saxony, 
Germany (Regulation No. 33.9-42502-04-10/023). 
Animals were held and treated in compliance with 
the ARRIVE guidelines (Web ref. 1). They were held 
at 20-24 °C in Makrolon® standard cages (1865 cm² 
area), with LIGNOCEL® Select bedding (Rettenmair, 
Rosenberg, Germany) and a 12  h light/dark cycle. 
Animals were fed water and pellets (10 mm) (v1184-0; 
Ssniff, Soest, Germany) ad libitum. In the experimental 
set up, they were divided into three dosage groups 
and one control group. In the mandibles of the 
control group (group 0, n  = 6) blank carriers were 
implanted on one side, whereas the other side was 
left empty (Fig. 1b). In ectopic sites of the control 
animals, the blank carriers were implanted only on 
one side. In the test groups, the retarded delivery 
carriers and rapid release carriers were implanted 
one on the right and one on left side. Carriers with 
the three dosage levels were implanted into the 
mandibular and ectopic sites of 6 animals each (Fig. 
1b). All surgical interventions were performed under 

general anaesthesia [intraperitoneal (i.p.) injection 
of 70 mg/kg ketamine and 0.3 mg/kg metedomodin] 
with additional pre- and post-operative analgesia by 
subcutaneous (s.c.) injection of buprenorphine (up to 
0.05 mg/kg/d). Pre- and post-operatively, the status 
and welfare of the animals were checked daily.
	 Animals were evaluated after 26 weeks, with the 
carriers being removed together with the surrounding 
soft tissue and fixed immediately in 4 % buffered-
formalin. Specimens were embedded into Technovit® 
(Kulzer GmbH, Wehrheim, Germany), according to 
Donath (1985). For histological analysis, the carriers 
in the mandibles and the ectopic carriers were cut 
through the carrier centres. In the mandible, this was 
done in a plane parallel to the lower border of the 
mandible. One resulting half of each carrier was used 
for histology and quantification of bone formation. 
Three consecutive non-decalcified thick section 
specimens (~20-30 µm thickness) were produced from 
the cut surface of each carrier and used for histology. 
From the other halves of the carriers, six consecutive 
thin sections (~5 µm) were produced from the cut 
surfaces and used for immunohistochemistry, three 
of them for alkaline phosphatase (AP) and Runx2 
expression, respectively. With six animals per dosage 
group, each subgroup (rapid/retarded; orthotopic/
ectopic) had 18 specimens studied for histology 
and 18 specimens studied for both AP and Runx2 
expression.

Evaluation of in vivo bone formation
Assessment of the volume of newly-formed bone 
was explored using µCT analysis (µCT device: 
Skyscan-1272, Bruker), as done in previous reports 
(Ueyama et al., 2016; Rakhmatia et al., 2017). 
Unfortunately, this approach used at the mandible 
site showed that discrimination based on density 
values did not allow for distinguishing between the 
newly-formed and the pristine bone after 6 months 
of healing, presumably due to the long healing 

Fig. 1. (a) Above left: creation of a circular mandibular defect; above right: press fit insertion of the 
carrier; below: schematic representation of a rat mandible with location of the mandibular defect in the 
mandibular angle underneath the mandibular canal. (b) Schematic representation of the study design.
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Fig. 2. (a) Left: µCT showing a cross section through a mandibular defect with the cross sectioned carrier. 
Note that regenerated bone lateral of the mandible was not clearly distinguishable from pristine bone 
(source voltage 60 kV, source current 166 µA, image pixel size 16.78 µm, exposure 1331 ms, flatfield 
correction, filter 0.25 mm Al). Right: compilation of µCT data and a corresponding histological specimen 
of an ectopic carrier. µCT evaluation: upper part, 3D rendering of µCT data, indicating that the display 
of newly-formed bone was blurred by CaCO3 particles in the scaffold parts not occupied by bone tissue; 
lower part, three versions of a cross-sectional plain: left image includes all density values, right image 
displays binary imaging with wide density threshold (60-255) and central image displays binary image 
using a narrower range of threshold values with the lower threshold value chosen to best represent 
clearly identifiable bone tissue. Threshold values are indicated above the 2D images. Arrow heads in 
the micrograph indicate location of CaCO3. (b) Alizarin red-methylene blue staining. Left: cross section 
through a mandibular carrier. Arrow heads indicate line between newly-formed bone and pristine 
bone; frame represents area displayed in (c). Right: manually isolated region of interest (light red) with 
digitised area (pixels) of newly-formed bone in full red. (c) Alizarin red-methylene blue staining. Left: 
higher magnification of the transition zone between old and newly-formed bone. Structure and pattern of 
osteocytes allowed for discrimination between pristine and newly-formed bone (see frame in b). Centre: 
black arrow heads marking the line between old and new bone. Right: further anterior, the line between 
old and new bone merged with periosteal appositional bone formation (white arrow head).
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period of 26 weeks (Fig. 2a). During evaluation of 
ectopic carriers, we realised that carrier portions 
not penetrated by newly-formed bone exhibited 
mineral dense CaCO3 particles that impaired 
precise identification of bone tissue, even applying 
different density thresholds (Fig. 2b). Therefore, 
non-decalcified thick sections were produced from 
the scaffolds, according to Donath (1985), and 
the specimens surface stained with alizarin red-
methylene blue staining. Newly-formed bone area 
was evaluated by histomorphometrical analysis of 
cross sections through the centre of each carrier. For 
histomorphometry, the specimens were mounted on 
a scanning table (Olympus dotSlide®; Olympus Life 
Science, Hamburg, Germany) and the micrographs 
were serially recorded using a Sony 3CCD video 
camera (Germany) at 100× magnification, digitised 
and mounted together into one picture. Three slides 
per carrier were evaluated. Each histological slide 

was scanned at a magnification of 100× into one large 
file. For quantification of bone formation, the whole 
area of newly-formed bone per slide was assessed 
using a stereological representation of newly-formed 
bone volume. Newly-regenerated bone tissue was 
identified in the histological cross sections and 
manually isolated from pristine bone by outlining the 
respective area. Bone tissue in this area was identified 
by filters adapted for the red colour of the stained 
bone tissue (Adobe Photoshop CS5; Adobe Systems 
GmbH, Munich, Germany) (Fig. 2c). Areas with 
unclear discrimination between pristine and newly-
formed bone were evaluated at higher magnification 
for manual selection (Fig. 2d). The area occupied 
by newly-formed bone was quantified by the pixel 
counting routines of the software. Mean values per 
carrier were calculated from the individual slides and 
average values for each group were calculated from 
the mean values of the respective carriers.

Fig. 3. (a) Micrograph of a mandibular carrier with immunohistochemistry staining for AP. (b) Location 
of the 7 regions of interest across the cross section of the carrier with one region of interest at higher 
magnification with positive staining for AP. (c) Illustration of digitised area (pixels) positive for AP; bar 
indicates 2 mm. (d) Micrograph of an ectopic carrier with immunohistochemistry staining for Runx2. (e) 
Location of the 7 regions of interest across the cross section of the carrier with one region of interest at 
higher magnification with positive staining for Runx2. (f) Illustration of digitised area (pixels) positive 
for Runx2; bar indicates 2 mm.
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Evaluation of in vivo induction of bone specific 
markers
Induction of bone specific markers was assessed 
using immunohistochemistry. AP was chosen as a 
marker involved in mineralisation and Runx2 (Cbfa1) 
was selected as a transcription factor involved in 
osteogenic differentiation. 5 µm-thin, non-decalcified 
sections were produced from the centres of the 
carriers and analysed by immunohistochemical 
staining. No decalcification was performed in order 
to preserve, as much as possible, the respective 
epitopes. Antigen demasking was performed using 
EDTA/Tween 20 (pH 8.0) for 18 h at 60 °C, followed 
by AP staining and Target Retrieval buffer treatment 
(pH  6.1; S1699; DAKO). Blocking of endogenous 
peroxidase was performed using DAKO peroxidase 
blocking reagent S2023. Endogenous rat IgG were 
blocked using 200  µL of Rodent Block R (RBR62; 
Biocare) for 60 min. Isotype controls were performed 
using 15 mg/mL of negative control rabbit IgG (X036; 
DAKO). For AP staining, 0.5  µg/mL of polyclonal 
rabbit anti-bone alkaline phosphatase (ab108337; 
Abcam) in conjunction with HRP-polymer kit Biocare 
(RMR622)/XR factor XRF 964 were used. For Runx2, 
1 µg/mL of polyclonal rabbit anti-Runx2 (ab23981; 
Abcam) with 60 µL of secondary swine-anti rabbit 
antibody (1  :  100 dilution) (P0217; DAKO) were 
used. DAKO chromogen system K3468 was used 
for staining.

	 For evaluation of positively-stained areas, each 
stained slide was scanned at magnification of 100× 
and combined into one image, as described. At that 
magnification, each pixel had a width of ∼1.3  µm. 
The magnification required for the identification of 
positively stained areas precluded the evaluation of 
the complete cross section of the regenerated bone/
carrier. For quantification, seven frames of 670 × 500 
pixels, corresponding to 864  ×  661  µm each, were 
placed over the area of regenerated bone in contact 
with the carrier material, both in the mandible and 
the gluteus maximus. Six of these frames were placed 
in the periphery of the regenerated bone area and one 
in the centre (Fig. 3a-f). Every effort was made to place 
the frames at even distances to each other. In empty 
mandibular defects, the frames were positioned in 
a linear fashion at even distances between the two 
edges of the defect.
	 Induction of AP and Runx2 was quantified 
applying adapted colour filters (Adobe Photoshop 
CS5, Adobe Systems GmbH, Munich, Germany), 
for the identification of positively stained cells, and 
expressed by the counted number of positively 
stained pixels. Average values per field were 
calculated for each specimen (slide). From these, 
mean values for each carrier were calculated and 
finally group mean values were calculated from the 
average values of the individual carriers.

Fig. 4. (a) Release of BMP2 from retarded release carriers (n = 3); symbols represent mean values, error 
bars represent standard deviation, log scale y axis. (b) Release from rapid release carriers (n = 3); symbols 
represent mean values, error bars represent standard deviation, log scale y axis. (c) Release characteristics 
of retarded release carriers. Curve fitting suggested that in the period of 5 to 26 weeks between 400 and 
700 ng of BMP2 were likely to be additionally released. (d) Release characteristics of rapid release carriers. 
Curve fitting showed that no further release could be expected after 5 weeks.
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Statistics
Analyses of variance (ANOVA), as well as, paired 
t-tests (IBM SPSS Statistics 24.0, http://support.spss.
com) were used to compare the induction of AP and 
Runx2 in vivo and the amount of bone formed in vivo, 
around and inside the scaffolds. Bonferroni correction 
was used in case of multiple testing. The significance 
level was set to p < 0.05.

Results

Release of growth factors in vitro
The retarded release carriers delivered between 1.2 % 
and 2.1 % of the incorporated rhBMP2 on day 1, with 
a decrease over the following 5 weeks to levels of 0.2-
0.5 % per interval. The rapid release carriers exhibited 
a burst release between 34.2 and 56.2 % of the loaded 
growth factors on day 1, with a decrease to 0.5-1.1 % 
after 5 weeks (Fig. 4a,b). The curve fitting resulted 
in an estimated delivery from the retarded release 
carriers of 2.40-5.08 µg of rhBMP2 after 26 weeks, 

whereas the delivery from the rapid release carriers 
was calculated not to increase above that amount 
delivered after 5 weeks – varying between 12.69 and 
79.01  µg of rhBMP2, according to the initial dosage 
applied (Fig. 4c,d).

In vivo bone formation
No adverse reactions were observed and uneventful 
healing occurred, so that all animals were available 
for evaluation.
	 In mandibular sites, there was no obvious 
difference in morphology between the bone induced 
by retarded vs. rapid delivery of rhBMP2 (Fig. 5a-f). 
Increasing growth factor dosages led to increasingly 
dense bone formation. Interestingly, the carrier 
exhibited a more advanced degree of resorption in the 
case of more bone formation, due to a larger dosage 
of rhBMP2. In ectopic sites, bone induced by retarded 
delivery carriers was more evenly distributed across 
the carrier cross section than in rapid release carriers, 
where bone formation in the low and medium dosage 
groups occurred in smaller amounts, mainly at the 

Fig. 5. (a-c) Alizarin red-methylene blue staining showing bone formation at the mandible site after 
retarded release of (a) 24 µg, (b) 48 µg and (c) 96 µg of rhBMP2. (d-f) Alizarin red-methylene blue staining 
showing bone formation at the mandible site after rapid release of (d) 24 µg, (e) 48 µg and (f) 96 µg of 
rhBMP2. Densely dotted line marks the border between pristine and newly-formed bone; loosely dotted 
line marks the remnant of the carriers, * identifies dislocated carrier particles.
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periphery of the carrier. Only in the high dosage 
group, was bone formation also seen penetrating the 
rapid delivery carriers (Fig. 6a-f).
	 Empty mandibular defects failed to heal within 
the observation period. Empty carriers in mandibular 
defects exhibited only minimal bone ingrowth. 
Empty carriers in ectopic sites exhibited no bone 
regeneration (Fig. 7a-c).
	 Histomorphometrical evaluation of bone 
formation in mandibular sites revealed a dose-
dependent increase in bone formation in the groups 
with retarded release of rhBMP2. There were 
significant differences between empty defects/blank 
scaffolds and all BMP-groups, as well as, between 
the high dose and the other two dosage groups (Fig. 
8a). Groups with rapid release exhibited significantly 
increased bone formation over empty defects/blank 
controls, with significantly smaller areas of bone 
formation in the low dose carriers compared to the 
other two dosage groups. There was no significant 

difference in the quantity of bone formation between 
rapid and retarded delivery in any of the dosage 
groups.
	 In ectopic sites, blank carriers did not induce any 
bone formation. Both rapid and retarded release 
carriers induced a dose-related increase in bone 
formation (Fig. 8b). In general, the area of ectopic 
bone formation ranged between 0.2 and 10.4 % of 
the area of mandibular bone formation, depending 
on the applied dosage. This was significantly 
lower compared to the extent of mandibular bone 
formation in all dosage and delivery groups. In 
groups with retarded release of rhBMP2, significant 
differences were found between low dose carriers 
and the other two dosage groups. In groups with 
rapid delivery of rhBMP2, significant differences 
were seen only between the low and the high dosage 
group. Comparing bone formation between retarded 
delivery and rapid release groups, the retarded 
release carriers induced significantly more bone 

Fig. 6. Bone formation at the ectopic site after retarded release of (a) 24 µg, (b) 48 µg and (c) 96 µg of 
rhBMP2 and rapid release of (d) 24 µg, (e) 48 µg and (f) 96 µg of rhBMP2. (a-f) Alizarin red-methylene 
blue staining.
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formation than the rapid delivery carriers in the low 
and medium dosage groups.

In vivo induction of bone specific markers
Alkaline phosphatase
In ectopic sites, induction of AP by rapid release 
carriers was visible in small nests of cells in soft tissue, 
growing into the pores of the carriers, as well as, in 
cells lining the newly-formed bone (Fig. 10a-c). In 
the mandible, rapid delivery carriers exhibited a less 
intense staining. Cells were more scattered in fewer 
locations and less densely accumulated both in the 
soft tissue and in the vicinity of the newly-formed 
bone (Fig. 10d-f). In carriers with retarded delivery, 
similar features were seen. Similarly to rapid delivery 
carriers, the number of positively stained nests of 
cells and the density of positive cells in these areas 
was higher in ectopic carriers when compared to 
mandibular carriers (Fig. 10g-i,k-m).
	 Quantitative evaluation of mandibular sites 
exhibited a dose-dependent increase in AP expression, 
in and around both retarded and rapid release 
carriers, that was significantly higher than in empty 
defects and around blank controls – except for the low 
dosage carriers with rapid release. Low dose carriers 
with retarded delivery exhibited a significantly 
higher AP expression compared to low dose carriers 
with rapid release (Fig. 11a). Ectopic sites showed a 
dose-dependent increase of AP compared to blank 
controls, in carriers with both rapid and retarded 
delivery of rhBMP2 (Fig. 11b). Interestingly, the 
area of positive staining in ectopic sites was between 
8.3 and 16.5 times larger than in mandibular sites. 
These differences were significant for all the three 
dosage groups and both modes of delivery. Retarded 
release carriers induced significantly higher levels 
of expression of AP in the medium and high dosage 
groups compared to blank carriers, whereas rapid 
release carriers induced significantly increased AP 
expression only in the high dosage group. There 

were significant correlations between the area 
of bone formation and the expression of AP in 
mandibular sites, for both rapid and retarded release 
carriers (r = 0.592, p = 0.006 and r = 0.557, p = 0.013, 
respectively). Ectopic sites exhibited a significant 
correlation between bone formation and expression 
of AP only in groups with retarded release carriers 
(r = 0.605, p = 0.002), whereas no correlation was found 
with rapid release carriers (r = 0.366, p = 0.135).

Induction of Runx2
In mandibular sites, expression of Runx2 was 
detected next to newly-formed bone, but also 
distributed across the non-osseous tissues, inside 
the carriers with both rapid and retarded delivery of 
rhBMP2 (Fig. 12a-c,g-i). In ectopic sites, expression 
was lower in both delivery groups, with scattered 
islands of positive cells in non-osseous tissue in the 
low dosage groups (Fig. 12d,k). In the high dosage 
groups, more intense staining was observed adjacent 
to newly-forming bone tissue, for both rapid and 
retarded release carriers (Fig. 12e,f,l,m).
	 Quantitative assessment revealed that expression 
of Runx2 in mandibular sites was significantly 
increased compared to empty defects/blank carriers 
in all groups, with both retarded and rapid release of 
rhBMP2 (Fig. 13a). In general, the level of expression 
was comparable to that of AP. For the retarded 
delivery of rhBMP2, there was no significant dose-
dependent increase observed between the medium 
and the high dosage group. The mode of delivery 
had a significant effect on Runx2 expression level 
in the high dosage group (p  =  0.031), with a near 
significant difference also in the medium dosage 
carriers (p = 0.069). In all dosage groups, ectopic sites 
exhibited a significant increase in Runx2 expression 
for both retarded and rapid release carriers, 
compared to blank carriers. A significant difference 
in the expression of Runx2 was only found between 
the low and high dosage group in rapid delivery 

Fig. 7. (a) Empty mandibular defect showing failure to heal within the observation period of 26 weeks. 
(b) Mandibular defect filled with blank carrier with minimal bone regeneration at the edges. (c) Ectopic 
blank carrier devoid of bone regeneration. (a-c) Alizarin red-methylene blue staining.
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carriers (Fig. 13b). No significant differences were 
found between rapid and retarded release in the 
three dosage groups. The area of positive staining 
ranged between 23.0 and 91.3  % compared to the 
mandibular site, with significantly lower expression 
in ectopic than in mandibular sites in all but one 
dosage group. In mandibular sites, a significant 
correlation between the expression of Runx2 and 
the degree of bone formation was found for both 
rapid and retarded delivery of rhBMP2 (r  =  0.604, 
p = 0.004; r = 0.881, p < 0.001). In ectopic sites, only 
the retarded release exhibited a correlation between 
bone formation and expression of Runx2 (r = 0.526, 
p = 0.008), whereas rapid delivery did not show such 
correlation (r = 0.366, p = 0.135).
	 Control specimens, from both mandibular and 
ectopic sites, did not show positive staining for 
neither AP nor Runx2 (Fig. 14a-f).

Discussion

There is widespread consensus that bone growth 
factor delivery for tissue regeneration purposes 
should be accomplished through retarded release, 
although exact dosages and quantitative patterns of 
delivery for the regeneration of bone tissue are largely 
unknown (Gothard et al., 2014). Among the many 
studies on successful retarded delivery of BMPs, there 
are reports that mention a lack of effect of retarded 
release with respect to the amount of bone formed 
(Geuze et al., 2012; Gruber et al., 2015). The present 
study suggested that both retarded release, after 
incorporation of rhBMP2 into a polymer carrier, and 
rapid release, after adsorption of rhBMP2 onto the 
carrier surface, could induce a comparable amount 
of bone formation in mandibular sites, even at lower 
dosages. Although the calculated dosage, delivered 
through retarded release, was considerably lower 
than the rapidly delivered dosage, a larger bone 
volume would be expected as a result of 26 weeks 
of retarded delivery than from a few days of rapid 
release. One of the reasons for the observed lack of 

quantitative effect of the retarded delivery may be 
that BMPs are pleoiotropic factors that organise a 
regenerative environment beyond the sole induction 
of osteogenic differentiation (Schultz et al., 2014, 
Kopf et al., 2014, Chalazonitis and Kessler, 2012). 
For example, it is well known that rhBMP2 alone 
can promote angiogenesis through the expression 
of the vascular endothelial growth factor (VEGF) in 
both osteoblasts and stromal cells (Yang et al., 2015; 
Deckers et al., 2002). In surgical sites that provide 
plenty of recruitable cells, such as fresh bone defects 
in rat mandibles, even a single inductive impulse 
during a short period of low dose BMP delivery 
may accomplish a self-sustained regenerative effect 
through induction of a “regeneratome”, in which 
cellular interactions, required for successful bone 
formation, continue without further external supply 
of BMP2. The results from the ectopic sites suggested 
that the threshold dosage for such an effect depended 
on the site of growth factor delivery. In ectopic sites, 
only the high dosage of rapidly delivered BMP2 
was able to induce comparable amounts of bone, 
whereas low and medium dosage levels of BMP2 
led to reduced bone formation, when compared to 
retarded delivery. Thus, the in vivo results confirmed 
previous in vitro findings, according to which muscle-
derived stem cells require prolonged exposure to 
BMPs to undergo osteogenic differentiation (Li et 
al., 2013). Therefore, it was possible to hypothesise 
that, in ectopic sites, a more sustained signal was 
required to persistently organise the environment 
for bone regeneration. Moreover, the observation that 
the amount of ectopic bone formed was significantly 
lower in all groups compared to the same dosage 
applied in mandibular sites indicated that, in 
mandibular sites, the number of recruitable cells 
was larger and the regenerative environment more 
inducible in the direction of bone formation. This may 
have been due to the existence of pristine osteogenic 
cells in both bone and overlying periosteum.
	 The immunohistochemical evaluation of markers 
of osteogenic differentiation additionally suggested 
that the type of cells induced and/or the signalling 

Fig. 8. Quantitative evaluation of bone formation in (a) mandibular sites (b) and ectopic sites. Comparison 
of paired data subsets (i.e. comparison between rapid and retarded release) was performed by paired t-tests. 
Comparison of unpaired data subsets (comparison of different dosages) was performed by ANOVA with 
Bonferroni correction; n = 6, bars represent mean value, error bars represent standard deviation, * p < 0.05.
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pathway activated may have been different in 
mandibular vs. ectopic sites. A surprising finding was 
that AP expression level was significantly higher in 
ectopic sites compared to mandibular defects in all 
dosage groups, regardless of the mode of delivery. 
Additionally, Runx2 expression level was almost 
consistently lower in both retarded and rapid delivery 
carriers in ectopic sites compared to mandibular 
sites. Induction of osteogenic differentiation is 
reported to be different, with regard to expression 
of Runx2, depending on the intracellular pathway 
that is activated upon binding of osteogenic growth 
factors. Activation of the canonical pathway by 
BMPs through ERK1/2/Smads1/5/8 phosphorylation 
involves the expression of osterix through Runx2. 
On the contrary, activation of the p38/MAP kinase 
is reported to result in the expression of osterix 
through Dlx5 or Msx2, without necessarily involving 
Runx2 expression (Li et al., 2015; Lee et al., 2003, 
Matsubara et al., 2008). Moreover, mesenchymal 
progenitor and stromal cells of different origin 
behave differently upon osteogenic induction and 

provide different osteogenic characteristics (Sacchetti 
et al., 2016; Jackson et al., 2009). In conjunction with 
the quantitative results of bone formation, it was 
possible to hypothesise that the difference in levels of 
expression of Runx2 and AP in ectopic sites compared 
to mandibular sites reflected the activation of different 
pathways in different target cell populations.
	 The levels of expressions of AP and Runx2 in 
relation to bone formation might be considered as 
quantitative indicators of a well-orchestrated process 
of osteogenesis and remodelling. In this respect, it 
was interesting to note that, in ectopic sites, there 
was no significant correlation between the levels of 
expression of both AP and Runx2 and the extent of 
bone formation in carriers with rapid delivery. In 
contrast, bone formation after retarded delivery in 
ectopic sites and mandibular sites, as well as, rapid 
delivery in mandibular sites showed this correlation. 
This might indicate that the process of osteogenesis 
was less uniform in ectopic sites, with rapid growth 
factor delivery leading to a less effective bone 
formation at lower and medium dosage levels.

Fig. 9. (a) Ectopic bone formed in a carrier with rapid release of 24 µg rhBMP2: inactive rounded contour 
devoid of active bone remodelling. (b) Ectopic bone formation in a carrier with retarded release of 24 µg 
rhBMP2: remodelling activity indicated by resorption lacunae (white arrow head) and a thin line of 
osteoid and flat osteoblasts (black arrow heads) (c) Ectopic bone formed in a carrier with rapid release of 
48 µg rhBMP2: rounded contour of bone trabeculae without active bone remodelling. (d) Ectopic bone 
formation in a carrier with retarded release of 48 µg rhBMP2: some remodelling activity could be seen 
with resorption lacunae (white arrow head). (a-d) Alizarin red-methylene blue staining.
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Fig. 10. Representative images of immunohistochemical features of AP staining: (C) carrier material 
solubilised during histologic processing, (NB) newly-formed bone, (I) interface between carrier surface 
and newly-formed tissue and (M) muscle tissue are indicated. Rapid delivery of (a) 24 µg, (b) 48 µg (c) 
and 96 µg of rhBMP2 in ectopic carriers: (a,b) positive staining showed in cell islands, in non-osseous 
tissue invading the carriers and (c) in cells lining newly-formed bone. Rapid delivery of (d) 24 µg, (e) 
48 µg and (f) 96 µg of rhBMP2 in mandibular carriers: lower expression of AP in mandibular sites with 
scattered cells in non-osseous tissue and less densely accumulated cells in the vicinity of newly-formed 
bone. Retarded delivery of (g) 24 µg, (h) 48 µg and (i) 96 µg of rhBMP2 in ectopic carriers: positive staining 
for AP, seen in cells adjacent to newly-formed bone tissue, increased with increasing dosage of rhBMP2. 
Retarded delivery of (k) 24 µg, (l) 48 µg and (m) 96 µg of rhBMP2 in mandibular carriers: expression of 
AP in mandibular carrier in nests of positively staining cells was seen around small and medium sized 
vessels, as well as, adjacent to newly-formed bone.

Fig. 11. Quantitative evaluation of AP expression in (a) mandibular sites and (b) ectopic sites. Comparison 
of paired data subsets (i.e. comparison between rapid and retarded release) was performed by paired 
t-tests. Comparison of unpaired data subsets (comparison of different dosages) was performed by ANOVA 
with Bonferroni correction; n = 6; bars represent mean value, error bars represent standard deviation, 
* p < 0.05, § = significantly higher expression than in orthotopic sites.
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	 It was particularly surprising in this regard that 
the anticipated delivery of very small daily amounts 
of rhBMP2 (between 3 and 4 ng over a period of 21 
weeks, according to the mathematical model used for 
curve fitting of in vitro release data) had a significant 
sustaining effect on bone formation in ectopic 
sites and coordinated the process of osteogenesis. 
However, when discussing the effects of individual 
dosages of rhBMP2 on in vivo observations, it should 
be kept in mind that final conclusions on the definite 
amounts of growth factors delivered in vivo are 
limited by the fact that in vivo release may differ from 
observed in vitro release and that mathematical fitting 
may not correctly reflect the real in vivo delivery per 
day.
	 Interpretation of the experimental results from 
a clinical point of view was of course difficult, 
taking into account both the size and the biology of 
the rodent model compared to human conditions. 
Nonetheless, within the limitation of this model, 
the results suggested that retarded delivery of small 
dosages of rhBMP2 in fresh bone defects of the facial 
skeleton could help to reduce the growth factor 
dosage to a certain extent. However, at the same 
time, it might provide no quantitative advantage, as 
short time high dosage regimens could have the same 
quantitative effect, due to a favourable regenerative 
environment. Hence, it seemed that the huge 
difference in dosage release in early periods could 

better address the high osteogenic potential of the 
fresh bone wounds, whereas the long-lasting delivery 
of small dosages was more effective in ectopic sides 
with poor osteogenic capacity.
	 It appears to be difficult to validate the 
significance of this conclusion under real current 
clinical conditions, where rapid delivery of largely 
supraphysiological dosages of BMP are used (Huh et 
al., 2011, de Freitas et al., 2013; Boyne et al., 2005) and 
dose-finding studies to reduce the amount of BMP 
delivered for facial bone repair are largely lacking. 
However, preliminary clinical results indicate that, 
under certain conditions, the rapid delivery of only 
2-4 % of the currently used dosage induces sufficient 
amounts of bone (Kim et al., 2014), suggesting that 
even rapid delivery of substantially smaller dosages 
can be clinically successful.
	 The results from ectopic sites were more difficult 
to transfer to a clinical scenario. Although this part of 
the model may resemble in an even less appropriate 
manner the clinical situation, results suggested that 
an environment with reduced osteo-regenerative 
characteristic may require a more controlled delivery 
of bone growth factors to form equivalent amounts 
of bone. As the majority of facial bone defects have a 
history of infection or previous surgical interventions, 
it could be advisable to use retarded delivery vehicles 
in these situations. If rapid release carriers were to be 
used, excessive dosages may be able to compensate 

Fig. 12. Representative images of immunohistochemical features of Runx2 staining: (C) carrier material 
was solubilised during histologic processing, (NB) newly-formed bone, (I) interface between carrier surface 
and newly-formed tissue and (M) muscle tissue are indicated. Rapid delivery of (a) 24 µg, (b) 48 µg and (c) 
96 µg of rhBMP2 in ectopic carriers: expression of Runx2 was observed in (a,b) both non-osseous tissue, 
in small groups of cells and (c) in cells adjacent to and embedded in newly-formed bone. Rapid delivery 
of (d) 24 µg, (e) 48 µg and (f) 96 µg of rhBMP2 in mandibular carriers: positive staining appeared to be 
more widespread in tissues surrounding newly-formed bone in all dosage groups. Retarded delivery 
(g) of 24 µg, (h) 48 µg and (i) 96 µg of rhBMP2 in ectopic carriers: similar features and distribution of 
expression of Runx2 was found in ectopic carriers with retarded delivery compared to rapid delivery. 
Retarded delivery of (k) 24 µg, (l) 48 µg and (m) 96 µg of rhBMP2 in mandibular carriers: stronger staining 
for Runx2 with more widespread occurrence was seen in mandibular carriers with retarded release when 
compared to carriers with rapid delivery and to ectopic carriers.
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Fig. 14. AP staining of (a) blank mandibular carrier with no positive staining, (b) empty defect with muscle 
tissue devoid of positive staining, (c) blank ectopic carrier with weak staining occasionally visible (arrow 
heads). Runx2 staining of (d) blank mandibular carrier with no positive staining, (e) empty defect with 
muscle and fat tissue without positive staining and (f) blank ectopic carrier devoid of positive staining.

Fig. 13. Quantitative evaluation of Runx2 expression in (a) mandibular sites (b) and ectopic sites. 
Comparison of paired data subsets (i.e. comparison between rapid and retarded release) was performed 
by paired t-tests. Comparison of unpaired data subsets (comparison of different dosages) was performed 
by ANOVA with Bonferroni correction; n = 6, bars represent mean value, error bars represent standard 
deviation, * p < 0.05, § = significantly lower expression than in orthotopic sites.
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for the inappropriate release kinetic; however, at 
the cost of a less effective bone formation process. 
The use of these supraphysiological dosages would 
additionally be prone to adverse events and serious 
side effects (Burkus et al., 2002; Smucker et al., 2006, 
Hwang et al., 2009).

Conclusion

Within the limitations of the experimental model and 
the release kinetics applied, it was concluded that 
retarded delivery of BMP2 was effective, preferably 
in sites with low or non-existing pristine osteogenic 
activity. At these sites, expression of bone specific 
markers after rapid delivery of BMP2suggested 
that osteogenesis might be less effective under these 
conditions and it might achieve equivalent bone 
formation only when high dosages are used.
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Discussion with Reviewers

Franz Weber: The mandibular defect does not appear 
to be of a critical size. Would the result be different, if 
a critical size defect would have been chosen?
Authors: The unfilled mandibular defects regenerated 
only negligible amounts of bone (~0.06-0.1 % of the 
area of bone regenerated after application of BMP2). 
Illustrations of blank carriers and empty defects had 
been omitted in order not to overload the manuscript. 
Representative illustrations of healing of empty 
defects and blank carriers (Fig. 7a-c) have been added 
to show that the mandibular defects were of non-
healing critical size.

Franz Weber: Bone formation will also depend on the 
degradation of the scaffold. Would a faster/retarded 
degrading scaffold yield different results?
Authors: It is quite likely that the release would have 
been faster if the PDLLA material had undergone 
a faster degradation process and hence, a faster 
delivery of BMP2. The difference would be likely to 
become visible in the ectopic locations rather than 
in the mandibular defects, since already the large 
difference in delivery of total dosage and release 
kinetic did not have an effect on bone formation in 
the mandibular sites.

Franz Weber: BMPs work excellently in rodents, 
but perform much worse in humans. Can these 
results make an impact on the clinical use of BMPs 
in humans?
Authors: The effect of BMPs in clinical applications 
in the facial skeleton has been reported to be quite 
predictable, if the applied excessive dosages are used 
in fresh bone defects (Schliephake, 2015). The results 
of the present study suggested that the development 
of retarded release devices may be one possible way 
to improve the performance in less favourable defect 
conditions. The introduction of any newly-developed 
material for retarded delivery into clinical use will, 
however, be limited by regulatory issues and the 
financial impact of dose-finding studies.

Georg Feichtinger: There was no benefit of retarded 
growth factor release apparent in the orthotopic 
model used. Do the authors expect a potential 
advantage of retarded release in an atrophic 
orthotopic defect? Would it be possible to reduce 
currently applied supraphysiological doses of BMP 
by choosing, in clinical settings, a retarded release 
approach similar to the one applied in this study?
Authors: The results suggested that a retarded 
release strategy did not provide an advantage in 
a fresh orthotopic defect. In an environment that 
provides a reduced level of osteogenic activity, 
such as atrophic defects, persistent recruitment of 
larger numbers of osteogenic cells will be required 
for effective osteogenesis. The results indicated that 
small amounts of BMPs, continuously delivered, 
may be successful in accomplishing bone formation 
in these situations and thereby helping to avoid 
supraphysiological doses.
	 In clinical settings, issues of regulatory approval 
will play a major role in the application of retarded 
delivery devices. In this respect, the applied PDLLA 
material and the solvent-free process of growth factor 
incorporation may be less critical for a retarded 
delivery approach in clinical use. The transfer from 
a rodent model into a clinical application would, 
however, still require a substantial effort in the 
direction of dose-finding studies.

Georg Feichtinger :  You stated that ectopic 
intramuscular implantation might represent atrophic 
defects, where no potent osteogenic precursors are 
available within the vicinity of the defect. However, 
there is excellent perfusion and soft tissue support 
available in the chosen intramuscular ectopic model. 
How does this influence osteogenic capacity? Are 
there any other ectopic models available, which 
would provide a better representation of atrophic 
situations – if at all possible?
Authors: We agree that ectopic sites do not ideally 
reflect the situation of atrophic defects, as vascularity 
is unaffected and soft tissue quality is not deteriorated 
due to previous surgery or trauma. However, it is 
interesting to note that in mice non-union fracture 
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models bone formation failed and atrophic non-
unions formed despite increased vascularisation 
(Garcia et al., 2012; additional reference). The results of 
that study indicated that vascularity as such may not 
be a crucial factor in the enlarged osteotomy gaps, but 
rather a disturbed ratio of angiogenic to osteogenic 
growth factors. If we transfer these insights to the idea 
of ectopic sites reflecting an atrophic defect situation, 
we could conclude that unimpaired vascularisation 
in ectopic sites may not contradict this idea. It may 
be that the absence of pristine osteogenic cells (for 
example in the enlarged gap osteotomies in the cited 
study) is a more important feature that accounts for 
the disturbed ratio of growth factors, thereby leading 
to an atrophic defect situation. Nevertheless, one 
could imagine that in subcutaneous sites, recruitment 
of mesenchymal precursor cells for osteogenic 
differentiation may be even more challenging. In this 
way, these sites would be interesting to be explored 
for their capacity to form bone, using retarded release 
of osteogenic growth factors.

Arie Bruinink: Comparing the amount of BMP2 that 
was released per day under rapid and retarded release 
conditions, it seems that only in the period 0-7 d the 
difference in released BMP2 amount was tremendous. 
In the period of 7 to 35 d, the released amount was in a 
similar range. Regarding the outcome, how important 
was the 7-35 d release period?
Authors: It is true that the difference between the 
two release regimens was larger during the period 
0-7 d and in a similar range thereafter, until day 35. 
However, the calculations of the release beyond this 
point – based on the data of day 0-35 and assuming 
that in vitro release represented in vivo delivery – 

indicated that the short release of high dosages of 
BMP2 followed a simple exponential function that was 
expected to provide no further release after 5 weeks, 
whereas the slow small dosage delivery exhibited a 
double exponential function that was supposed to 
continue release over another 21 weeks. In orthotopic 
sites, this continued release of small dosages of BMP2 
appeared to save dosage, but provided no advantage 
with regard to the extent of bone formation, where 
rapid delivery of higher dosages could accomplish 
the same effect. In contrast, in ectopic sites, devoid 
of pristine osteogenic activity, the slow small dosage 
regimen with a continued release over 6 months 
was more efficient and led to larger amounts of 
bone, when compared to rapid delivery of high and 
medium dosages of BMP2. Hence, it appeared that 
the huge difference in dosage release in early periods 
could better address the high osteogenic potential 
of the fresh bone wounds, whereas the long-lasting 
delivery of small dosages was more effective in 
ectopic sides with poor osteogenic capacity.

Additional reference

	 Garcia P, Pieruschka A, Klein M, Tami A, Histing 
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(2012) Temporal and spatial vascularization patterns 
of unions and nonunions: role of vascular endothelial 
growth factor and bone morphogenetic proteins. J 
Bone Joint Surg Am 94: 49-58.

Editor note: The scientific editor for this paper was 
Christine Hartmann.


