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ABSTRACT
Introduction: Demineralised bone matrix (DBM) is an al-
lograft material widely used as a bone filler and bone graft 
substitute. DBM contains bone morphogenetic proteins 
(BMPs), which induce and regulate bone formation during 
embryogenesis and in postnatal life.

Aims and objectives: To investigate the osteoinductivity 
of DBM augmented with xenogeneic BMP-complex at dif-
ferent doses.

Materials and methods: Rat DBM was augmented with 
BMP-complex purified from porcine diaphyseal bone.

Results: Dorsal subcutaneous implantation of 25 mg rat 
allogeneic DBM augmented with 0, 3, 6 and 12 mg BMP-
complex per gram of DBM resulted in dose dependant up-
regulation of bone formation on day 21, as scored histologi-
cally and biochemically.

Conclusions: Allogeneic DBM can be augmented with xe-
nogeneically sourced BMP-complex to improve DBM per-

formance in vivo. This work demonstrates the potential of 
BMP-complex augmented DBM to induce new bone forma-
tion with improved parameters of bone formation.

Key words: bone regeneration; demineralised bone ma-
trix; bone morphogenetic proteins; bone graft substitute; 
osteoinduction

INTRODUCTION
The discovery1 and molecular cloning2,3 of the bone mor-
phogenetic proteins (BMPs), has revolutionised tissue engi-
neering for the regeneration of alveolar bone in periodontal 
and oral-maxillofacial defects.4,5 Bone tissue engineering is 
particularly relevant to periodontal defects and the augmen-
tation of alveolar bone for implant dentistry.6,7 The BMPs are 
important molecular signalling factors that cooperate with 
responding cells and the extracellular matrix to induce and 
maintain bone.6,8

The commercial availability of recombinant human (rh) BMPs 
in the past decade continues to advance treatment meth-
ods used by clinicians for the restoration of periodontal tis-
sues, including the cementum, periodontal ligament and al-
veolar bone.6 The high cost of rhBMPs places them largely 
outside the reach of emerging economies such as South 
Africa. Cheaper sources of BMPs are potentially available 
from human cadaveric bone, which have demonstrated a 
therapeutic potential in the regeneration of bone fractures 
and defects.9 The paucity of human bone tissue from which 
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to purify BMPs limits their commercial availability. Recently, 
xenogeneically sourced BMPs (OsteaPLEX™, Altis Biolog-
ics (Pty) Ltd, Pretoria, South Africa), prepared from porcine 
bone, have been commercialised to meet this need. Ostea-
PLEX™ is a protein cocktail derived from the soluble fraction 
of porcine demineralised bone matrix (DBM) and is stan-
dardised against its content of BMP-2, one of many mem-
bers belonging to the TGF-ß1 superfamily.8

The three critical ingredients for tissue engineering of bone 
are the signalling BMPs, responding cells and appropriate 
scaffolding structures.6,10,11 Since the discovery that DBM can 
induce ectopic bone formation,1 human DBM has become 
arguably the most frequently grafted tissue in humans for 
the repair of skeletal defects caused by trauma, neoplasia, 
infection and periodontal disease.12 Urist originally defined 
osteoinduction through his classic study, demonstrating the 
‘autoinductive’ effect of demineralised bone matrix by induc-
ing differentiation of cartilage and bone when implanted into 
extraskeletal locations in animals.1 Human DBM is both os-
teoinductive and osteoconductive by virtue of the presence 
of endogenous BMPs bound to the osteoconductive collag-
enous bone matrix. However, the variation in the quality of 
human donor material and processing protocols makes the 
osteoinductive potential of tissue banked DBM somewhat 
inconsistent.13 Commercial DBM from different tissue banks 
differs in the ability to induce new bone formation.14 The vari-
ability is related to the age of the donor, as well as to the 
content of bone inductive factors in the donor bone.15

A possible strategy to overcome the drawbacks associated 
with variable DBM is to augment the biomaterial with exog-
enously-sourced BMP and provide a naturally-derived bone 
graft substitute with enhanced and consistent osteoinduc-
tive activity for the predictable tissue engineering of bone.  
Examples of such augmentation strategies have been re-
ported using bone derived BMP,16 as well as rhBMP.17 As-
penberg et al. showed in the squirrel monkey heterotopic 
bioassay that allogeneic DBM augmented with recombinant 
BMP-2 resulted in dose dependent increases in calcium 
content and frequency of bone formation at six weeks.17 
They concluded that BMP-2 augmented DBM might be a 
clinically useful bone inducing biomaterial for man. Simi-
larly, enrichment of allogeneic DBM with cadaveric BMP-
complex significantly enhanced periodontal regeneration in 
humans.16 The objectives of this research were to conduct 
a three-week study, in order to evaluate the bone induction 
potential of DBM augmented with commercial xenogeneic 
BMP-complex (OsteaPLEX™).

MATERIALS AND METHODS
The protocol for this study was approved by the Research 
Committee, School of Dentistry, Faculty of Health Sciences, 
University of Pretoria, and by the Animal Ethics Committee 
(AEC/2006/06/001), Tshwane University of Technology, Pre-
toria, South Africa (Study Number A55/05/06). The implants 
were formulated at Altis Biologics (Pty) Ltd, Pretoria, South 
Africa as described below. Implantation was performed by 
LaBio Research Laboratories at the Tshwane University 
of Technology, Pretoria, South Africa. OsteaPLEXTM BMP-
complex was purified according to the disclosures of a USA 
patent 7,728,116 B2.18  

Morphogens, implants and animals
OsteaPLEX™ BMP-complex in 20mM acetic acid was 
donated by Altis Biologics (Pty) Ltd, South Africa. Ostea-
PLEX™ is a porcine bone matrix isolate, containing a num-

ber of proteins that include members of the transforming 
growth factor-ß (TGF-ß) super-family, namely BMP-2, BMP-
4, BMP-7 and TGF-ß1. OsteaPLEX™ is standardised to 
0.01% m/m with respect to its content of porcine (p) BMP-
2 content, using a commercial enzyme linked immunosor-
bent assay (ELISA) kit (Quantikine®, R&D Systems, USA). 
OsteaPLEX™ was reconstituted with rat DBM in doses that 
included negative controls (0mg/g), and doses of 3mg/g, 
6mg/g, and 12mg/g of OsteaPLEX™ per gram of DBM. The 
lyophilised composite was further combined with 10% m/m 
soluble rat-tail type I collagen, frozen and precipitated with 
70% ethanol to sterilise the biomaterial. The implant was lyo-
philised to dryness in a lyophiliser (VirTis, USA). The BMP-
complex augmented DBM implant was transferred into a 1ml 
capacity sterile syringe, and reconstituted on the day of the 
implantation with two volumes of sterile, pyrogen free water. 
The rehydrated implant was injectable through a 15-gauge 
needle with a short bevel. Four male Wistar rats, between 
28 to 32 days old, weighing between 100g and 200g each, 
were obtained from National Health Laboratory Services, 
Cape Town. The rats were housed, two per cage, and food 
and water were provided ad libitum. The ambient tempera-
ture was controlled between 18 to 23°C at a humidity of 
between 45 to 60%.

Surgical procedures
The dorsal area was shaved and swabbed with antiseptic 
solution before the implantation procedure was done under 
sterile conditions. The animals were sedated using ether 
and the implants injected into the subcutaneous space 
overlying the fascia. Each rat received four implantations 
subcutaneously in the dorsal region. The sites were select-
ed in a predetermined sequence following a Latin square 
block design that allowed for the rotational allocation of the 
four doses within a total of 16 implantations.19 Two bilateral 
implants were positioned cranially, overlying the fascia of 
the underlying latissimi dorsi muscles. The remaining two 
implants were positioned caudally, bilaterally overlying the 
fascia of the glutei maximi muscles.

The rats were euthanised by carbon dioxide asphyxia-
tion at 21 days post-implantation. The skin was separated 
from the underlying tissue, the implants were removed 
with minimal surrounding tissue and divided. One part 
was snap frozen to -80 °C in liquid nitrogen and submit-
ted for alkaline phosphatase activity determination as de-
scribed elsewhere.20 Briefly, the tissue was homogenised 
in phosphate buffer and centrifuged to obtain a clarified 
supernatant, which was used to determine the amount 
of enzyme substrate, para-nitrophenyl phosphate (Mer-
ck GmbH, Germany) converted to product over time, as 
more fully explained previously.20

 
The other part was fixed in 10% buffered formalin, wax 
embedded, not decalcified, and processed for light micro-
scopic histological examination at Vetpath Laboratories, 
Onderstepoort, Pretoria.

Histology, microscopy and imaging
The sections of tissue were cut at a thickness of 5 µm, 
mounted on microscope slides and stained using haema-
toxylin and eosin, and Goldner’s trichrome. These were 
microscopically evaluated using a light microscope (Leica, 
Germany). Images were captured using a digital camera 
(Canon, S70, Japan).
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The extent of the histological parameters of osteogenesis, 
osteoblasts, mineralization, inflammation and vascularisa-
tion were scored according to a semiquantitative grading 
scale ranging from zero to three (Table 1) by a single-
blinded, independent veterinary histopathologist (IDEXX 
Laboratories, Onderstepoort, South Africa), following a 
similar protocol previously published.21 The histopatholo-
gist first identified as a control the section with the low-
est score, and then compared the remaining sections, 
scoring them against this control.  Data were captured in 
Microsoft Office Excel (2003), running on a computer with 
a Pentium 4 processor.

Statistical analysis
A non-parametric method, Kruskal-Wallis analysis which is 
a nonparametric equivalent of analysis of variance for com-
paring doses was used for the categorical results while 
one-way analysis of variance (ANOVA) was used for the ratio 
data (continuous measure). The statistical software package 
used was STATA 12.1 (StataCorp LP).

RESULTS
The augmentation of DBM resulted in increased osteo-
genesis and osteoblast scores at all BMP-complex doses 
when compared to non-augmented native DBM, but the 
sample size (n=4) was too small to observe statistical sig-
nificance using the non-parametric methods (Table 2). The 
highest increase was for the 3mg/g and 6mg/g dose, with 
a reduction in osteogenesis observed at 12mg/g doses 
of BMP-complex pointing to a biphasic response. Implant 
mineralisation showed a downward trend throughout the 
dose series, contrasting with the osteogenesis scores. In-
flammation was low at all doses, with a small drop noted 
at the 6mg/g dose but this was not significant. The param-
eters of vascularisation and inflammation appeared inde-
pendent of dose of BMP-complex.

The temporal study of alkaline phosphatase activity shows a 
strong dose-dependent effect at 12 days (data courtesy Al-
tis Biologics (Pty) Ltd), peaking at the highest dose of 12mg/g 
(Figure 2). At 21 days, the picture is different, with a subsidence 
of the alkaline phosphate activity to low levels and a biphasic 
dose effect, which was not statistically significant (Table 3).

DISCUSSION
Heterotopic ossification brought about by the implantation 
of DBM alone and DBM augmented with BMP-complex was 
observed histologically (Figure 1). The histological specimen 
shows bone formation induced by heterotopic implantation of 
DBM (Figure 1A). Newly formed islands of cartilage are being 
replaced by mineralising bone, embedded with newly form-
ing osteocytes. These observations agree with Urist’s classic 
definition of osteoinduction, exemplified in the present case 
as new bone formation evidenced by DBM implanted at ex-
traskeletal sites.1 The implanted devitalised DBM is clearly evi-
denced as a poorly-staining material bearing empty lacunae 
(Figure 1A and 1B). In contrast, intramuscular implantation of 
recombinant BMP-2 augmented DBM in nude rat intramus-
cular sites, induced ossicles with a bone shell, no surround-
ing implant particles and a marrow cavity as reported by the 
work of Aspenberg et al.17 It has been proposed that the intra-
muscular site provides higher osteoinductivity scores for BMP 
implants, and therefore direct comparison of these studies 
with the present study must take implantation sites and differ-
ences in BMP potencies into consideration.22  

Tissue alkaline phosphatase (ALP) activity is an indicator of 
osteogenesis. This osteoinduction enzyme marker has previ-
ously been shown to peak on day 10 and to decline there-
after.20 In the present work, ALP activity was still detectable 
on day 21, and at much lower levels than was observed at 
12 days (Figure 2), corroborating the results of others,20 and 
eliminating the possibility of the present findings being attrib-
utable to an inactive BMP-complex. The biphasic curve gen-
erated by reduced ALP activity at the highest dose may point 
to the earlier temporal ossification followed by earlier resorp-
tion at increasing doses in this model. Previously, a biphasic 
response to implanted rhBMP-7 has been observed in vivo in 
the rat ectopic bioassay, corroborating the present results.23

It has previously been proposed that the time period allowed 
for the formation of ectopic de novo bone is of critical impor-
tance.24 If harvested too early, evidence for bone transfor-
mation may be lost, whereas if harvested too late, resorption 
may have taken place.24 In the present study, the 21-day 
rodent assay period provides new insights into the fate of 
BMP-complex augmented DBM at the three-week period. 
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Table 1: Grading scale for the scoring of the histological parameters

Classification Scores Extend of parameter (versus control)

None 0 No evidence

Mild 1 Minimal evidence

Moderate 2 Up to 50% of field

Severe 3 Greater than 50% of field

Table 3: Comparison matrix of P-values from one way ANOVA for the 
continuous data. No significant differences (P>0.05) were found for 
alkaline phosphatase activity between dose groups at 21 days.

dose mg/g 0 3 6

3 0.938

6 0.488 0.813

12 0.843 0.994 0.918

Table 2: Median histological scores for DBM with different doses of OsteaPLEX™, implanted in rats (n=4), and probability values from Fisher’s 
exact probability test, and Kruskal-Wallis procedures.

Parameter OsteaPLEX™ dose mg per gram DBM

Calculated 
Fisher’s 
(chi-squared) 
exact probability

Kruskal-Wallis 
procedure 
(chi-squared 
statistic (df=3))

0 3 6 12

Osteogenesis 1.0 2.5 2.0 2.0 0.707 0.388 (3.023)

Osteoblasts 1.5 2.0 2.5 1.5 0.439 0.235  (3.579)

Mineralisation 2.0 1.5 1.5 1.0 0.942 0.584  (1.947)

Inflammation 1.0 1.0 0.5 1.0 1.000 0.730 (1.295)

Vascularisation 2.0 2.5 2.0 2.0 0.49 0.299  (3.668)
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Future studies should be designed to determine the fate 
of BMP-complex augmented DBM at earlier and extended 
time periods, with larger sample sizes to improve the statisti-
cal strength of the experiments.

Extracellular matrix (ECM) has been shown to be very 
important in adhesion, growth and differentiation of cells 
during embryogenesis, as well as post-natal repair and 
regeneration of bone trauma. Subcutaneous implantation 
of allogeneic rat DBM in the rat has been associated with 
local de novo endochondral bone differentiation.20 Disso-
ciatively extracted and partially fractionated matrix protein 
fractions from human, monkey and bovine bone matrix, 
reconstituted with biologically inactive collagenous rat 
bone matrix, induces new bone in the rat, indicating ho-
mology of bone-inductive activity from different species’ 
bone matrices.25 These findings demonstrate the poten-
tial utilisation of xenogeneic porcine BMPs, combined 
with allogeneic DBM, to induce clinically relevant de novo 
bone formation in man.

Previous work has demonstrated that members of the 
TGF-ß superfamily found in the ECM of bone, cooperate 

synergistically to induce exuberant bone formation.26,27 It 
has been shown that 5µg of TGF-ß interacts synergistically 
with 125µg BMP-7 during ectopic bone induction in the 
rectus abdominis of the baboon heterotopic bone induction 
assay.26 Combined delivery of TGF-ß1 and BMP-2 similarly, 
with osteoprogenitor cell transplantation, allowed physiologic 
doses of these growth factors to enhance bone formation 
in vivo.28 Thus a cocktail or complex of multiple factors is 
expected to have higher biologic activity than singly applied 
factors. Cocktails of rhBMP-2 and rhBMP-7 have been used to 
regenerate periodontal defects in baboons (Papio ursinus).29 
Recombinant BMP-7 alone, failed to achieve the same results 
in Papio ursinus, generating mainly cementogenesis without 
restoration of the other components of the periodontium.30 
In contrast, co-application of BMP-2 with BMP-7 resulted 
in periodontal tissue regeneration in Papio ursinus.29 These 
studies support the premise that multiple growth factors 
working in concert significantly enhance the formation of 
functional bone.31

In what is probably the first human clinical study involving 
DBM augmentation using naturally sourced BMPs, Bowers 
et al. showed that human osteogenin combined with 
human DBM enhances periodontal regeneration when 
compared with DBM alone.16 Similarly, the co-application of 
allogeneic collagenous bone matrix with naturally derived 
bovine BMP-complex in surgically created furcation defects 
in Papio ursinus led to connective tissue attachment and 
bone regeneration.32

CONCLUSION
Previous research has reported the quantitative assessment 
of the osteoinductivity of bone matrix from different donors 
and after different processing methods in order to assess 
the potential clinical effectiveness of these grafts.12 Access 
to commercially available xenogeneically derived BMP-com-
plex may overcome limitations associated with the scarcity 
of human tissue, and offer tissue engineers a way of en-
riching human DBM with xenogeneically sourced signalling 
factors, to enhance the performance of implanted DBM for 
the tissue engineering of bone. Future research employing 
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Figure 1: Histological sections of 21 day old implants; (A) Haematoxylin and eosin staining of allogeneic DBM augmented with 0 mg/g BMP-complex (magnification 
100x). (B) Goldner’s trichrome staining of allogeneic DBM augmented with 3 mg/g BMP-complex (magnification 400 x). Solid arrows point to islands of cartilage, open 
arrows to areas of newly formed bone, and open fluted arrows to implanted, devitalised DBM bearing empty lacunae.

Figure 2: Biphasic dose curve of alkaline phosphatase activity at 21 days of rat 
DBM augmented with different doses of xenogeneic BMP-complex. The 12-day 
data of the same implantation protocol from a different study verify the biologic 
activity for BMP-complex used in the study (courtesy Altis Biologics (Pty) Ltd).
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BMP-complex augmented DBM may elucidate the utility of 
this biomaterial for periodontal regeneration.
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