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Abstract—High efficiency of hybrid implants based on calcium-magnesium silicate ceramic, diopside, as a carrier of
recombinant BMP-2 and xenogenic demineralized bone matrix (DBM) as a scaffold for bone tissue regeneration was
demonstrated previously using the model of critical size cranial defects in mice. In order to investigate the possibility
of using these implants for growing autologous bone tissue using in vivo bioreactor principle in the patient’s own body,
effectiveness of ectopic osteogenesis induced by them in intramuscular implantation in mice was studied. At the dose of 7 ug
of BMP-2 per implant, dense agglomeration of cells, probably skeletal muscle satellite precursor cells, was observed one
week after implantation with areas of intense chondrogenesis, initial stage of indirect osteogenesis, around the implants.
After 12 weeks, a dense bone capsule of trabecular structure was formed covered with periosteum and mature bone mar-
row located in the spaces between the trabeculae. The capsule volume was about 8-10 times the volume of the original
implant. There were practically no signs of inflammation and foreign body reaction. Microcomputed tomography data
showed significant increase of the relative bone volume, number of trabeculae, and bone tissue density in the group of mice
with BMP-2-containing implant in comparison with the group without BMP-2. Considering that DBM can be obtained
in practically unlimited quantities with required size and shape, and that BMP-2 is obtained by synthesis in E. co/i cells and
is relatively inexpensive, further development of the in vivo bioreactor model based on the hybrid implants constructed
from BMP-2, diopside, and xenogenic DBM seems promising.
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INTRODUCTION the most difficult tasks of reconstructive surgery [1, 2].

Gold standard of treatment in this case is autografting

Repair of large bone defects caused by trauma, os-  of the patient’s own bone tissue, usually taken from the
teoporosis, tumor removal, or osteomyelitis is one of ilium, which, however, has many problems, such as pain

Abbreviations: BMP-2, bone morphogenetic protein-2; DBM, demineralized bone matrix; HA, hyaluronic acid.
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at the site of bone extraction, as well as limited volume
of the autograft [3, 4]. A possible alternative is to grow
autologous bone implants using the so-called in vivo bio-
reactor principle, where the patient’s own body serves as
a bioreactor [5]. It is possible to grow bone of the re-
quired shape and size, for example, in the back or ab-
dominal muscle, using a suitable scaffold and oste-
oinductive factors, and then transplant it into the right
place. There are now more than a hundred publications
describing ectopic bone formation in small (mice, rats,
rabbits) and large (sheep, pigs, monkeys, goats, dogs)
laboratory animals. There have also been published ar-
ticles describing clinical cases, mainly concerning fill-
ing of large mandible defects in humans, based on this
approach [6-13].

Successful development of a new in vivo bioreactor
model requires selection of a combination of factors re-
sulting in the mature bone formation at the ectopic site.
Essential factors affecting the process are: choice of the
laboratory animal, implantation model, scaffold material
providing the required bone shape, osteogenesis inducer
carrier, and osteogenesis inducer itself.

Mice are the most economical among the laborato-
ry animals in terms of purchase price and maintenance
costs. Therefore, their use seems reasonable for the ini-
tial testing of the model with the purpose of subsequent
transfer to larger laboratory animals and humans.

Choice of the implantation model is extremely im-
portant. Currently, the most commonly used models are
subcutaneous implantation, implantation into a muscle
pocket (intramuscular implantation), and implantation
into a renal capsule [14]. Intramuscular implantation
model has several advantages over the other two models.
In particular, it is almost as convenient in terms of sur-
gical technique as subcutaneous implantation and much
simpler than renal capsule implantation, while being
fully adoptable to large laboratory animals and humans.
Compared to the subcutaneous implantation, intramus-
cular implantation usually provides a more pronounced
and earlier formation of bone tissue [15], which may be
due to the better blood supply to muscle tissue, as well
as presence of the satellite progenitor cells in the skel-
etal muscles capable of osteogenic differentiation under
the action of appropriate inducers, such as bone mor-
phogenetic proteins (BMPs) [14]. For example, in the
study conducted on dogs and pigs, intramuscular im-
plantation showed bone formation after 45 days, while
bone formation through subcutaneous implantation took
60 days [16]. Using intramuscular implantation, bone
tissue has been successfully grown to replace large jaw
defects in humans. For example, in 2004 the paper de-
scribing growth of bone tissue in the muscle of a patient
using autologous bone marrow and BMP-7 was pub-
lished [7]. In fact, the ability of BMPs to induce ectopic
osteogenesis was shown exactly with the model of intra-
muscular implantation [17].
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An essential point when developing an in vivo biore-
actor model is the choice of a scaffold that should serve
as a matrix for autologous bone augmentation. Such ma-
terial should be sufficiently rigid but elastic, mimeting
properties of bone tissue. The material should also be
biocompatible and bioresorbable, allowing its gradual
replacement with the new bone tissue. One of the materi-
als satisfying the required parameters is a highly purified
xenogenic demineralized bone matrix (DBM) derived
from bovine bone [18]. DBM has high osteoconductiv-
ity, it can be obtained in large quantities, implants of the
required shape and volume can be produced from it, its
mechanical properties and porosity, including microp-
orosity, are maximally close to the human bone tissue;
in addition, it is possible to obtain low immunogenic
DBM with increased biocompatibility and reduced al-
lergenicity due to reduced content of non-collagenous
proteins [19, 20]. Limited osteoinductivity of DBM can
be overcome by combining it with the exogenous osteo-
genesis inducers, such as recombinant bone morphoge-
netic protein 2 (BMP-2) [19, 21]. When introduced into
the body, BMP-2 provides attraction of mesenchymal
stem cells from the surrounding tissues and their osteo-
genic differentiation, and also has angiogenic properties,
which is important for formation of the mature bone tis-
sue with good blood supply [22]. DBM itself can act as
a carrier of BMP-2, however, its sorption capacity is lim-
ited [23]. To be able to introduce large and controlled
doses of BMP-2, as well as to provide more gradual
protein release, hybrid implants were developed on the
basis of DBM as a scaffold, in which calcium-magne-
sium silicate ceramics, diopside, suspended in hyaluron-
ic acid (HA) performs the function of BMP-2 carrier.
Diopside has very high sorption capacity in relation to
BMP-2, many times exceeding capacity of hydroxyapa-
tite. Such implants demonstrated high osteogenicity in
the model of cranial defects of critical size in mice [23].

The aim of this study is to develop a model of ec-
topic trabecular bone tissue augmentation based on the
in vivo bioreactor principle using intramuscular im-
plantation of hybrid implants with xenogeneic DBM
as a scaffold and calcium-magnesium silicate ceramic,
diopside, as a carrier of recombinant BMP-2.

MATERIALS AND METHODS

Preparation of diopside powder. Diopside powder
(CaMgSi,06) synthesized by solid-phase method ac-
cording to the previously published method [24] with
modifications [23] was used in the study. Briefly, egg
shells were used as a source of calcium and rice husk as
a source of silicon in a form of silicon dioxide obtained
from a rice husk by heating. Crushed eggshells, silicon
dioxide, and synthetic magnesium oxide (Ruskhim,
Russia) were mixed at a weight ratio 1 : 2 : 1 in a Fritsch
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Pulverisette 5 planetary ball mill (Fritsch GmbH, Ger-
many) and incubated at 1100°C for 6 h. The obtained
diopside corresponded to the ICDD standard card
no. 01-075-1092, with small contamination of the sec-
ondary phase, akermanite [23].

Preparation of demineralized bone matrix porous
scaffolds for implantation. Highly purified xenogeneic
DBM was obtained according to the previously described
method from bovine femoral epiphyses [25]. Implants,
which were discs with 4 mm in diameter and 1 mm thick,
were made from bone plates using a custom metal per-
forator. For sterilization, DBM discs were incubated in
96% alcohol for 1 h, washed with a sterile PBS, and dried
in a laminar flow cabinet with ultraviolet light overnight.

BMP-2 diopside powder saturation. Recombinant
BMP-2 obtained by synthesis in Escherichia coli cells
and purified as described previously [26] with a specif-
ic activity of 0.1 U/ug was immobilized on the diopside
powder as described previously [23]. Briefly, 50 mg of
diopside powder was incubated for 30 min in 10 mM
sodium phosphate buffer (pH 5.5) with 50 mM NacCl,
centrifuged, the solution was removed, the precipitate
was suspended in the same solution containing 500 or
1000 ug BMP-2, and incubated for 2 h. The unbound
protein was removed after centrifugation, and the pre-
cipitate was washed three times with the same protein-
free buffer.

Preparation of samples for implantation. A 5% (w/v)
suspension of diopside in HA, 50 mg of diopside pow-
der (with or without 10 or 20 ug/mg BMP-2) in 250 ul
of sterile saline was added to 750 ml of 2% HA (~100 kDa,
Shanghai Macklin Biochemical Industry Co., Ltd.,
China) solution in saline and thoroughly mixed. Im-
mediately before implantation, sterilized DBM discs
were immersed in the pre-mixed suspension again.
One disk absorbed approximately 7 ul of the suspen-
sion, and contained about 0.35 mg of diopside and 3.5 or
7 ug of BMP-2.

Implantation. We performed two experiments with
male outbred mice of the ICR (CD-1) line, 38-47 days old.
The first pilot experiment was performed with 24 mice,
which were randomly divided into two groups with
12 mice in each. Group 1 was implanted with the DBM
disks with a suspension of diopside powder without
BMP-2, while group 2 was implanted with the disks
with a suspension of diopside containing about 3.5 ug
of BMP-2 per disk. Two identical implants were insert-
ed in each animal — in the left and right femur. The
second experiment was performed similarly to the first
one, but 16 mice were used, divided into two groups of
8 mice in each. In the first group implants without pro-
tein were inserted, in the second group the implants with
7 ug of BMP-2 per disk were inserted. In both cases, the
surgery was performed on a thermostated surgical table
(Medax, Germany) at 37°C. After preparation of the sur-
gical field, a skin incision was made in the caudal part of
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the thigh, then pockets were formed in the gluteal mus-
cles by blunt dissection, after that implants were placed
in them, tissues were sutured layer by layer with atrau-
matic suture material Mepfil no. 4/0 and treated with
antibiotic “Terramycin” (Pfizer Animal Health, USA).
In the first experiment, euthanasia by carbon dioxide
was performed on the 7th, 24th, 63rd, and 84th day using
three mice from each group. In the second experiment,
two mice were euthanized on the 7th day and six mice
from each group on the 84th day. Histological analysis of
the samples extracted from the mice after euthanasia was
performed 1 and 12 weeks after the beginning of the ex-
periment; microcomputed tomography (microCT) was
performed at the 12th week.

Histological analysis. Samples including implanta-
tion area and surrounding tissues were extracted from the
femoral muscles, fixed with a buffered neutral formalin
for 24 h, decalcified in a 14% EDTA solution, washed
and passed through a battery of alcohol solutions of in-
creasing concentration and embedded in paraffin. Sec-
tions of 3 wm thickness were stained with hematoxylin
and eosin, Safranin O, hematoxylin, fast green FCF [27],
and azan according to Heidengain [28].

Microcomputed tomography. MicroCT of the sam-
ples was performed ex vivo using a SkyScan 1172 tomo-
graph (Bruker, USA) with NRecon and CTAn programs
and selection of parameters allowing to distinguish min-
eralized bone tissue from other tissues.

Statistical processing of microCT data was per-
formed using Statistica 12.0 software package (Statsoft,
USA). Normality of distribution was tested using the
Kolmogorov—Smirnov test. To assess significance of dif-
ferences, the Mann—Whitney test was used. Differences
were considered significant at p < 0.05.

RESULTS

Experimental design. In the pilot experiment on in-
tramuscular implantation of DBM disks containing sus-
pension of diopside powder in HA, BMP-2 was used in
the experimental group in the amount of about 3.5 ug
per implant, as in the previously described study on im-
plantation into the cranial defects of mice [23], in which
almost complete filling of the implant pores with newly
formed bone tissue with bone marrow and remodeling of
DBM matrix occurred in 9 weeks. At the Ist, 4th, 9th,
and 12th weeks histological analysis revealed the pic-
ture of indirect ectopic osteogenesis with formation of
cartilage tissue after 1 week. At later terms formation of
a bone structure similar to the structure of trabecular
bone observed in some animals by the 12th week ap-
peared to be covered with a layer of bone tissue with peri-
osteum (data are not shown). Based on the results of this
experiment, it was decided to leave the general design of
the main experiment unchanged (Fig. 1), but to double
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Fig. 3. Histological analysis of the samples obtained following implantation of the hybrid implants of DBM, diopside, and HA in the femoral
muscle of mice without (a) and with (b) BMP-2. a, b) Hematoxylin and eosin staining on the left, Safranin O, hematoxylin, and FCF fast green
staining in the center, and Heidenhain azan staining on the right. Magnification 10X. Designations: B, newly formed bone tissue, trabeculae;
Ch, chondrocytes; F, fibrosis; G, granulation tissue; M, bone marrow; Mu, muscle tissue; O, osteoprogenitor cells; S, DBM scaffold. Black
rectangles indicate areas corresponding to the areas shown at higher magnification in Fig. 4.

the amount of BMP-2, to perform histological analysis
after the 1st and 12th week, and to perform micro-CT
at the 12th week.

Evaluation of the results of intramuscular implan-
tation of hybrid implants using microCT and histologi-
cal analysis. The microCT data of the samples obtained
12 weeks after intramuscular implantation of the hybrid
implants from DBM, HA, and diopside containing and
not containing BMP-2 are presented in Fig. 2. Presence
of diopside powder without BMP-2 in a number of sam-
ples induced formation of the volumetric mineralization
grid corresponding in shape to the DBM macropores
(Fig. 2a). However, according to the data of histological
analysis, this was not accompanied by the appearance
of newly formed bone tissue (Fig. 3a, 4-6, Fig. 4a, 4-6).

In the presence of BMP-2, a large, highly mineral-
ized bone capsule (Fig. 2a) was observed in all samples
12 weeks after implantation according to the microCT
data. It significantly exceeded the volume (8-10 times)
of the original implant and had a pronounced trabecu-
lar structure (Fig. 2c¢). The parameters BV/TV (rela-
tive bone volume), Tb.Th (trabecular thickness), Tb.N
(number of trabeculae), and BMD (bone mineral densi-
ty) in the group with BMP-2 were significantly different
(higher) in comparison with the group without BMP-2
(» <0.05) (Fig. 2b).

According to the results of histological analysis
in the group without BMP-2, the disk was surround-
ed by young granulation tissue one week after implan-
tation (Fig. 3a, 1-3). Clusters of epithelioid cells were
found around the diopside particles (Fig.4a, 1-3).
After 12 weeks, the disc was surrounded and filled with
the well-organized fibrous tissue (Fig. 3a, 4-6). Around
the diopside particles, presence of the giant multinu-
cleated foreign body cells was observed, as well as col-
lagenization and fibrosis of granulomatous nodules/
foci of inflammation without signs of neoosteogenesis
(Fig. 4a, 4-6).

In the group with BMP-2, initial signs of osteo-
genesis appeared already one week after implantation:
extensive zones of chondrogenesis (stained red with
Safranin O) surrounded by numerous osteoprogenitor
cells, probably formed from the pool of native skele-
tal progenitor cells, were observed around the implant
(Fig. 3b, 1-3). At higher magnification, we observed
residual chondroid cells replaced by the cells with os-
teocyte features, which were embedded in a matrix that
was not stained with Safranin O (Fig. 4b, 1-3). After
12 weeks, the implant was surrounded by the bone cap-
sule much larger than the size of implant, the entire vol-
ume of which was filled predominantly with bone marrow
with adipocytes and thin bone trabeculae (Fig. 3b, 4-6).

BIOCHEMISTRY (Moscow) Vol. 88 No. 8 2023
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Fig. 4. Histological analysis of the specimens obtained after implantation of hybrid implants of DBM, diopside, and HA in the femoral muscle
of mice without (a) and with (b) BMP-2. a, b) Hematoxylin and eosin staining on the left, Safranin O, hematoxylin, and FCF fast green staining
in the center, and Heidenhain azan staining on the right. Magnification 40%. Designations: A, adipocytes; B, newly formed bone tissue, tra-
beculae; Ch, chondrocytes; Os, cells with signs of osteocytes; Ob, osteoblasts; D, diopside; F, fibrosis; G, granulation tissue; M, bone marrow;
Mu, muscle tissue; P, periosteum; S, DBM scaffold. Black arrow indicates osteocytes in the newly formed bone tissue, green arrows — epithelioid

cells, yellow arrows — foreign body giant cells.

Outer layer of the capsule was represented by the dense
newly formed bone covered with periosteum, which
was clearly visible in the case of Heidenhain staining,
where the collagen-containing structures are stained
blue (Fig. 3b, 6; Fig. 4b, 6). At high magnification, one
can observe inclusion of diopside particles in the new-
ly formed bone tissue (Fig. 4b, 4 and 5), which can be
distinguished from the demineralized bone of the DBM
scaffold by the presence of osteocytes.

DISCUSSION

According to the results of microCT of the im-
plantation area, pronounced tissue mineralization is
observed both in the case of samples with and without
BMP-2 (Fig. 2). In the absence of BMP-2 12 weeks
after implantation mineralized areas are located in the
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open pores of the DBM scaffold forming a character-
istic grid (Fig. 2a), however, it is not accompanied by
the appearance of newly formed bone tissue — histolog-
ical sections show the presence of fibrous tissue in the
implant pores (Fig. 4a, 4-6). The observed areas with
X-ray contrast apparently correspond to calcium de-
posits on the diopside particles, which appear as a result
of biomineralization characteristic for diopside — for-
mation of apatite surface layer during incubation in the
body or in SBF (simulated body fluid) [29]. Thus, diop-
side, having the ability to biomineralize, is, nevertheless,
not able to induce osteogenesis by itself.

In the presence of BMP-2, formation of the closed
bone capsule covered with a periosteum is observed,
with a developed system of trabeculae built from the
newly formed bone tissue with gaps between them filled
with mature bone marrow. Hence, the implant designed
in this study leads to formation of the fully formed
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autogenous bone structure ready for autotransplantation
when introduced into the muscle, which testifies in fa-
vor of the optimal selection of the implant components,
in particular, the carrier for BMP-2. Choice of the car-
rier for BMP-2 is vital for the successful formation of
ectopic bone tissue. Thus, in the case of using B-trical-
cium phosphate as a carrier for BMP-2, ectopic bone
formation was observed during intramuscular implan-
tation in rats [30]; at the same time, when hydroxyap-
atite was used, only additional introduction of collagen
into the implant resulted in bone tissue formation [17].
Pronounced biomineralization ability of diopside may
lead to enhanced osteogenesis in the vicinity of diop-
side particles in the presence of osteoinductor due to
creation of high local concentration of calcium ions at
the implantation site. This may be an additional factor
providing high level of ectopic osteogenesis in this ex-
periment, as well as orthotopic osteogenesis in the ear-
lier experiment on implantation of DBM and diopside
with BMP-2 into the cranial defects of critical size in
mice [23]. The fact that in the absence of BMP-2 in the
implantation area there is a moderately pronounced in-
flammatory and cellular reaction to implantation, which
does not exceed the usual reaction to the introduction of
osteoplastic materials containing DBM and ceramic par-
ticles, also indicates that the use of diopside as a carrier
of BMP-2 is promising. Inflammation is significantly
reduced in the presence of BMP-2.

We were interested not only in the possibility of
obtaining ectopic bone, but also in characterizing early
and late stages of osteogenesis, including the structure
and quality of the obtained bone tissue. In this regard,
micro-CT and detailed histological analysis with three
stains at different magnifications were performed, which
allowed us to evaluate at two time periods both general
picture observed during implantation and phenomena
occurring at the cellular level. The pattern observed in
the presence of BMP-2 corresponds to indirect os-
teogenesis taking place with early cartilage formation.
Structures similar to bone capsule with a trabecu-
lar structure (similar to cortical and cancellous bone)
formed at the late stages are quite rarely observed in the
studies on ectopic osteogenesis. This is probably due
to the lower osteogenicity of the used materials, use of
more rigid models of ectopic osteogenesis, and the fact
that in many cases, researchers are interested in the very
fact of the possibility of ectopic ostecogenesis using cer-
tain materials, and duration of the experiment is usually
relatively short.

It is interesting to trace the fate of the xenogenic
bone matrix acting as a scaffold in the used implants.
After 12 weeks, the original DBM scaffold is still pres-
ent inside the capsule; however, its upper layers are re-
modeled with formation of the new bone tissue with
lacunae containing osteocytes. Relative thickness of
the DBM scaffold trabeculae increases significantly by
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the week 12, which is clearly visible in Fig. 3b present-
ing a general view of the formed bone capsule. However,
complete remodeling of the DBM bone matrix did not
occur 12 weeks after implantation in our experiment.
At the same time, in the case of introduction of a simi-
lar implant into the critical-sized cranial defects in mice,
after 9 weeks from the beginning of the experiment and
with half the amount of BMP-2, almost complete re-
modeling of DBM with formation of the newly formed
bone tissue with osteocytes included in it was observed
[23]. Different rates of remodeling may be due to vari-
ous reasons, in particular, variations in the intensity and
pathways of osteogenesis due to different origins of os-
teoprogenitor cells: in the case of orthotopic osteogenesis
they are mesenchymal stromal stem cells from the bone
marrow of the maternal bone and periosteum, while in
the case of ectopic osteogenesis in the muscle pocket
they are satellite cells of skeletal muscle progenitors [14].
It is of interest to investigate the fate of such implants at
later terms. A complete remodeling with replacement of
the xenogenic bone matrix with autogenous bone using
the bone capsule as a source of osteoprogenitor cells of
the periosteum could be presumed to occur at the later
stages.

Recombinant BMP-2 used in the experiment was
synthesized in the E. coli cells [26]. High osteogenic
activity of this protein has been shown when used together
with various natural and synthetic materials [21, 31-36].
This BMP-2 variant is able to spontaneously sorb onto
a diopside powder in amounts greater than 150 ug/mg
and show continuous release of the protein over several
days [23], making this osteoinducer-carrier combination
very attractive for the use in bone defect regeneration
experiments. In this study, the selected dose of BMP-2
(7 ug per implant) facilitated effective ectopic osteogen-
esis with trabecular bone formation. It should be noted
that usually the dose of BMP-2 used in the experiments
on ectopic osteogenesis, especially in large animals, is
significantly higher [17, 35]. Moreover, as a rule, com-
mercial BMP-2 synthesized in Chinese hamster cells
is used, which obviously determines very high cost of
the autologous bone production based on the principle
of in vivo bioreactor and limit applicability of this ap-
proach. The use of a cheaper but no less active BMP-2
synthesized in E. coli cells should contribute to a wider
acceptance of this method.

CONCLUSION

In the present work, an experiment on ectopic 0s-
teogenesis induced by hybrid implants consisting of
spongy DBM filled with a suspension of diopside pow-
der with BMP-2 in HA was performed using the model
of intramuscular implantation in mice. After 12 weeks,
rounded bone capsules of trabecular structure filled

BIOCHEMISTRY (Moscow) Vol. 88 No. 8 2023
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with mature bone marrow and covered with bone with
periosteum several times larger in volume than the
original implant were formed at the implantation site.
Histological examination at an early time point, 1 week
after implantation, confirmed the mechanism of indi-
rect osteogenesis with intermediate cartilage formation.
The proposed approach for ectopic bone augmentation
using particles of calcium-magnesium silicate ceramic,
diopside, as BMP-2 carrier is new; advantage of this ap-
proach is the possibility of very high and adjustable load-
ing capacity of BMP-2 into the implant. Implants based
on DBM and diopside saturated with BMP-2 can be used
to develop approaches to obtain autologous bone tissue
using the in vivo bioreactor principle for repairing large
trabecular bone defects. Development of other types of
hybrid implants based on diopside as a carrier of BMP-2
including, for example, various hydrogels and/or porous
scaffolds of polymeric nature also seems promising.
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