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Osteoinductive characteristics of new osteoplastic materials based on demineralized bone
matrix of xenogenic origin with high and controlled degree of purification were studied on
the model of regeneration of critical-size cranial defects in rats using modern approaches,
including histological analysis, evaluation of morphological parameters of the bone tissue
obtained by micro-computed tomography, and estimation of bone tissue growth rate using in
vivo fluorochrome label. Demineralized bone matrix and, to a much greater extent, its acti-
vated form containing modified recombinant growth factor hBMP-2 with high content of the
dimeric form exhibited osteoinductive activity.
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Modern requirements to safety and efficiency of os-
teoplastic materials based on demineralized bone ma-
trix (DBM) with bioactive components necessitate the
development of new protocols for creation of highly
purified DBM [3,9] and standardization by the os-
teoinductor content. Quantitative evaluation of osteo-
genic activity of these materials implies analysis of
numerous parameters on standard experimental models
in vivo. One of the most promising is the model of
regeneration of critical-size cranial defects (CSD) in
rats [8].

We evaluate the osteoinductive characteristics of
a new material based on highly purified DBM and its
activated form containing modified growth factor rh-
BMP-2, on the model of cranial CSD in rats using os-
teotropic fluorescent labels in vivo and high-resolution
micro-computed tomography.
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MATERIALS AND METHODS

Preparation of membranes from DBM. In order to
prepare membranes, cattle femoral diaphyses were cut
(with a belt saw) into 1-mm layers. Purification was
carried out as described previously [3].

Deproteinization and immobilization of DBM.
We previously developed a method for preparing DBM
with osteoinductive characteristics with controlled pH
and residual levels of calcium and lipids [1,3]. In order
to minimize possible side effects of DBM application,
we optimized the method by standardizing the content
of potentially allergenic noncollagen proteins [7]. For
elimination of noncollagen proteins, the membranes
were processed for 11 days in 8 M urea in 50 mM
sodium phosphate buffer (pH 5.8) in 1:25 proportion
at constant stirring; this resulted in 12-fold decrease
of the content of noncollagen proteins: from 1.2 to
0.1 mg/g matrix.

Immobilization of hBMP-2 on DBM membranes
included their equilibration with buffer (0.5 M NacCl,
50 mM CaCl,, 25 mM Tris-HCl, pH 7.5), lyophiliza-
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tion, 3-h incubation with rhBMP-2 in the same buffer,
washing in buffer, and drying at 20°C. In membranes
used in the experiments, the rhBMP-2:DBM ration
was 0.5:100 mg. Membranes with different levels of
the factor could be prepared by this method, which
was essential for optimization of the osteogenic acti-
vity of the materials, as very low and very high doses
of BMP-2 impair osteogenesis [5].

Preparation of rhBMP-2. Modified rhBMP-2
containing the domain, promoting the formation of
active dimeric protein form during synthesis, was pro-
duced in E. coli and isolated according to a previously
developed protocol [4] with subsequent chromatogra-
phy on heparin-sepharose. The resultant protein con-
tained 95% active dimeric form.

In vivo experiments. The study was carried
out on 10-week-old male Wistar rats in accordance
with the Directive 2010/63/EU and Supplement A to
European Convention ETS No. 123. The rats were
distributed into 3 groups, 6 per group. The animals
were intraperitoneally narcotized with zoletil 100
(15 mg/kg) and rometar (6 mg/kg). After full-thick-
ness incision was made in the scalp in the sagittal
plane, a standardized 8-mm defect was created with
the use of Surgic AP machine (NSK Nakanishi Inc.)
in the parietal bones under conditions of constant
cooling with saline. In group 1, CSD remained empty
(control), in group 2 it was filled with the membrane,
and in group 3 with the membrane with rhBMP-2.
In order to evaluate the bone tissue growth rate, the
animals were subcutaneously injected with a single
dose of tetracycline hydrochloride (25 mg/kg) after
implantation and with Alizarin Red S (35 mg/kg)
twice (on days 40 and 50 after the operation). Eutha-
nasia was carried out on day 60 after implantation by
CO, inhalation, and necropsy of calvaria sites with
CSD was carried out.

Micro-computed tomography. Scanning was
carried out in vivo on a SkyScan 1176 tomograph
(Bruker) with 0.5 mm aluminum filter at 60 kV, 575
mA current, and 35 p resolution, with subsequent anal-
ysis of bone volume (BV), tissue volume (TV), bone
surface area (BS), total tissue surface (TS), bone tissue
percentage estimated as bone volume/tissue volume
(BV/TV), bone surface compactness estimated as bone
surface/tissue volume (BS/TV), and trabecular pattern
factor (Tb.Pf).

Histology. Specimens for microscopy were fixed
in 10% neutral buffered formalin (7-10 days) and de-
calcified in Richman—Gelfand—Hill fluid (3 days,
4°C). Paraffin sections were stained with hematoxylin
and eosin. Specimens for fluorescent microscopy were
fixed in 70% ethanol, after which thin sections were
sliced. Tissue status in the regeneration focus was
scored [2]. Bone tissue growth rate was estimated as

the ratio of the distance between fluorochrome binding
fronts to the time between fluorochrome injections.
The data were processed by the nonparametric
Kruskal—Wallis test using Statistica 12.0 software.
The values were considered significant at p<0.05.

RESULTS

Pathomorphological studies showed that CSD was not
completely filled with the bone tissue in any of the
groups (Fig. 1, a).

In group 1, defects had hard edge roughness, the
central part was filled by soft connective tissue film.
In group 2, CSD contained non-resorbed DBM with a
single moderately manifest ossification focus of irreg-
ular shape. In group 3, CSD was filled with connective
tissue containing fragments of implanted membrane
with several ossification foci of various sizes. These
observations were documented by X-ray examination
(Fig. 1, b) and tomography (Fig. 1, ¢).

Histological studies (Fig. 1, d) showed that CSD
in group 1 were filled with loose fibrous connective
tissue with foci of cartilage tissue and sites of reticu-
lofibrous bone tissue adjacent to the maternal bone.
In group 2, a significant amount of fragmented DBM
surrounded by connective tissue fibers was found. In
group 3, just few fragments of DBM with multifocal
depositions of woven bone tissue of various sizes were
found in the marginal and central parts of CSD, and
there were numerous osteoblasts. The rate of new bone
tissue growth (Fig. 1, ) and summary efficiency of
regeneration were the maximum in group 3 (Table 1).

Statistical processing of tomography data demon-
strated significant differences from the control for all
parameters except bone surface compactness (BS/TV).
In groups 2 and 3, significant (p<0.05) differences in
comparison with group 1 were observed for tissue sur-
face area (TS) and volume (TV). The rest morphologi-
cal parameters differed significantly between groups 1
and 3 (Fig. 2). These results correlated with the results
of studies of BMP-2 osteoinduction on the model of
cranial CSD regeneration in rats [6].

TABLE 1. Parameters of Osteogenesis in CSD Region
(M+m)

Parameter Group 1 Group 2 | Group 3
Area of mineralized
bone matrix,
% of visual field 33+5 5143 72+7
Growth rate, y/day 0.5+0.2 0.8+0.4 1.2+0.1
Summary efficiency
of regeneration,
points 2 4 7
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Fig. 1. Macrophotograms (a), roentgenograms (b), tomograms (c), microphotograms (d, x100), and fluorescent microphotograms (e, x200)

of CSD region in rats.

Analysis of more parameters of osteogenic ac-
tivity of new materials with the use of a standard-
ized highly reproducible model of CSD incapable
of complete osteoreparation without application of
osteogenic materials, is expected to enable more de-

tailed studies including studies of dose-dependent
effects of two and more growth factors added to the
implanted material.
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Fig. 2. Bone surface area (BS) and volume (BV) (a), percentage of bone tissue (BV/TV) and index of fragmentation (Tb.Pf) (b) in CSD.
*p<0.05, **p<0.01 in comparison with group 1.
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