J. Maxillofac. Oral Surg.
https://doi.org/10.1007/s12663-021-01669-z

®

Check for
updates

ORIGINAL ARTICLE

Morphological Characteristics of Reparative Osteogenesis
in Mandibular Repair with Different Osteoplastic Materials

Dmitry Usatov' - Galina Usatova® - Astemir Shaikhaliev® - Tatiana Ivanyushko®

Received: 29 July 2021/ Accepted: 8 November 2021
© The Association of Oral and Maxillofacial Surgeons of India 2021

Abstract

Purpose The purpose of this study is to determine the
patterns and features of reparative osteogenesis in the
replacement of bone defects in the mandibular using dif-
ferent bone tissue replacement materials.

Materials and Methods The study was carried out on 18
chinchilla breed rabbits, of both sexes. All animals were
divided into three groups: rabbits with autografts taken the
other part of the lower jaw, rabbits with lyophilized
decalcified bone matrices, and rabbits with lyophilized
decalcified bone matrices (LDBM) in combination with
multipotent mesenchymal stem cells (MMSC). Progress in
bone regeneration was assessed using multislice computed
tomography. The mechanism of bone tissue formation was
studied through histological examination.

Results Analysis of CT data and histological findings
revealed the most favorable dynamics of bone regeneration
with a composite construct (i.e., LDBM/MMSC). Namely,
the complete defect closure and bone density restoration in
the LDBM/MMSC group were observed earlier than with
other constructs.
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Conclusions The results of the study show that when it
comes to speed and quality of the newly generated bone
tissue, the composite tissue-engineered constructs consist-
ing of a lyophilized decalcified bone matrix and multipo-
tent mesenchymal stem cells (LDBM/MMSC) may serve
as a good alternative to autografts.
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Introduction

Correction of orofacial bone defects is an important prac-
tice in maxillofacial surgery. A number of surgical mate-
rials and surgical techniques have been proposed for the
treatment of bone deformities in the maxillofacial region
[1-3]. Despite the long-proven effectiveness of autogenous
bone graft transplantation, associated with biocompatibility
of patient’s own bones, lack of immune response after
drafting, and rapid revascularization, this method is not
without its disadvantages. Among them are the need to
create an additional operating zone, the risk of infection,
damage to the nerves at the donor site, and prolonged
painful healing of extraoral wounds [4-7]. Perhaps, the
most serious disadvantage of autogenous materials is that
they can get significantly resorbed and lose volume in the
late postoperative period [8]. As an alternative to autoge-
nous bones, maxillofacial surgeons to avoid additional
incision and lengthened operating often use allogeneic or
xenogenic bone matrices and synthetic bone grafts [9—13].
The autogenous osteoplastic materials exhibit not only
osteoconduction and osteoinduction, but also direct osteo-
genesis, which makes the new tissue at the operating site
form faster and with less complications. The vast majority
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of allogeneic, xenogenic and synthetic surgical materials
are predominantly osteoconductive. Some of them also
have a moderate osteoinductive effect [14, 15]. Their
mechanism of action is primarily associated with the for-
mation of bone regenerates, and their effectiveness is
limited to the optimization of the natural course of repar-
ative osteogenesis. Employing these materials will be
enough to replace bone defects characterized by the high
activity of osteoinductive factors, but not enough with
extended (or volumetric) deformities. The latter is associ-
ated with the low activity of osteoinductive factors and (or)
a low count of cambial cells at the defect site. Because of
these characteristics, the natural course of reparative
osteogenesis may not provide complete histo- and organ-
otypic recovery [16].

Another category of bone tissue replacement materials
widely used includes composite grafts, which combine
different structures: autogenous grafts with allogenic bone
tissues and xenotissues with either hydroxyapatite or syn-
thetic plastic materials [17, 18]. With a composite graft, the
process of reparative osteogenesis can be more effective
than when using each of its components separately.

The present study aims to determine the patterns and
features of reparative osteogenesis in the replacement of
bone defects in the mandibular using different bone tissue
replacement materials.

Materials and Methods
Materials

The experiments were conducted on 18 chinchilla breed
rabbits, of both sexes, weighing 2.3-2.5 kg. All animals
were divided into three groups of six: (1) rabbits with
autografts (AG group), taken the other part of the lower
jaw; (2) rabbits with lyophilized decalcified bone matrices
(LDBM group); and (3) rabbits with composite tissue
constructs, namely LDBM + multipotent mesenchymal
stem cells (LDBM/MMSC group). The rabbits were kept in
a certified vivarium on a fortified vegetable diet with free
access to water. All animals were examined by a veteri-
narian before the study. In the experiment, a 5 X 5-mm
fragment of the outer cortical plate was removed from the
rabbit’s lower jaw under anesthesia (xylazine/zoletil). The
resulting defects were replaced using different grafts.

Cultivation of Multipotent Mesenchymal Stem Cells
Bone marrow was harvested in sterile conditions by
puncturing the iliac crest. The cells were isolated by

enzymatic disaggregation, then passed through a fine mesh
sieve (filtration), centrifuged with Hanks salt solution, and

@ Springer

resuspended in DMEM/F12 growth medium containing
15% fetal calf serum and glutamine. Cultivation took place
in plastic Petri dishes and non-adherent cells were removed
after 1 day of culture. MMSC were grown at 37 °Cin a 5%
CO, atmosphere and subcultured by trypsinization. After
several subcultures, a culture of MMSC cells with osteo-
genic differentiation capacity was obtained. The pre-tested
MMSC cells were then seeded at 5 x 10 cells/1 mm onto
LDBM and placed in a CO, incubator for 2 weeks.

Computed Tomography and Histological Analysis
of Tissue Samples

To track the immediate and long-term results, the follow-
up outcomes were divided in three time intervals:
2-4 weeks, 6-8 weeks, and 16-18 weeks. The progress in
reparative bone tissue regeneration was assessed via com-
puted tomography (CT) using a multislice CT scanner GE
LightSpeed VCT (General Elektric, USA). The mechanism
of bone tissue formation was studied by histological anal-
ysis immediately after the CT examination. For this, the
fragments of a lower jaw, including in the area of surgery,
were excised within the boundaries of healthy tissues. The
cutouts were placed in a 10% solution of neutral formalin
for 72 h and the washed in running water for 24 h. After
the standard histological procedure, tissue samples were
embedded in paraffin (Histomix, Biovitrum) using histo-
logical embedding rings (Biovitrum). The resulting paraffin
blocks were sectioned at 3—7 pum thickness on a Microm
microtome, resulting in serial and semi-serial sections,
which were then stained with hematoxylin and eosin
(H&E). An internal cortical plate was used as a control
tissue, as it was not damaged during the operation and its
morphology can be regarded as a standard in the native
bone tissue examination.

Statistical Data Processing

Digital data obtained during the course of the experiment
were processed in Statistica 6.0 by methods of variation
statistics. The results are summarized as means (M) and
standard deviations (SD). The significance of differences
was estimated using the Student’s t-test. The significance
level was set at p < 0.001.

Ethical Statement

The experiments were carried out in accordance with the
European Convention for the Protection of Vertebrate
Animals used for Experimental and Other Scientific Pur-
poses (ETS 123, Strasbourg, 1986). The experimental
protocol was approved by the Ethics Committee.
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Results

Progress in Osteoreparation of the Post-Resection
Bone Defects

A multislice CT examination performed 2—4 weeks after
the operation revealed fuzzy, uneven contours in the defect
areas in all groups under study. These were the first sings of
peripheral osteoreparation. The smallest change in a defect
size from baseline was seen in the AG group with a bone
defect size of 4.78 &+ 0.31 mm, very close to a baseline
value (Fig. la). The other two groups exhibited a more
pronounced closure compared to baseline (Figs. 2a, 3a):
LDBM group, to 3.26 + 0.29 mm; LDBM/MMSC group,
to 2.57 &+ 0.43 mm (Table 1).

At 6-8 weeks, defect size in the AG group was
3.42 £ 0.48 mm, slightly lower compared to the first scan;
in addition to that, the first signs of remodeling were
observed (Fig. 1b). The density of the bone tissue in the
defect area was almost three times lower (Table 2) than
that of the intact bone (385.3 4+ 29.4 HU vs 1226.7 + 76.4
HU). One third of animals in the LDBM group exhibited a
complete defect closure with the formation of a thin cor-
tical layer. The density of the newly generated cortical
layer was 574.8 £ 47.8 HU, which was significantly lower
than that of the intact bone (1424.6 + 83.7 HU). The bone
defect size in this group decreased to 0.88 £ 0.67 mm,
indicating the ongoing remodeling (Fig. 2b). The LDBM/
MMSC group had the most pronounced signs of post-

resection defect repair. Namely, the complete defect clo-
sure was detected in all animals within the group (Fig. 3b).
The formed cortical layer, on the other hand, was thin and
somewhat deformed: its density was 1056.3 £ 76.8 HU,
almost one and a half times lower than that of the control
one (1575.0 + 112.9 HU).

After 1618 weeks after surgery, the examined groups
all reached the complete closure of the post-resection
defect. The final examination, however, revealed that in the
AG and LDBM groups, the cortical layer in the defect
areas was somewhat deformed and thinner than the healthy
one (Figs. lc, 2c). Its density increased from the last
examination, but remained almost two times lower when
compared to the intact one (AG group, 601.4 + 31.8 HU
vs 1303.4 £+ 73.7 HU; LDBM group, 825.3 + 62.8 HU vs
1493.8 £ 93.6 HU). Defects in the LDBM/MMSC group
were completely closed and all rabbits recovered (Fig. 3c).
The thickness (1574.7 & 112.3 HU) and density
(1579.4 £ 121.6 HU) of the newly generated cortical
layers were very close to the control ones.

Histological Analysis of Bone Tissue Development
in the Defect Replacement Area

A histological analysis revealed intensive resorption of the
transplanted bone fragment in the AG group 2—4 weeks
after the transplantation. The resorption process involved
the activation of connective components of the underlying
tissue. Destruction of the bone occurred primarily from the

Fig. 1 Dynamics of reparative ostogenesis in rabbits with autograft
(AG group) on CT slides in the axial (1) and oblique-sagittal (2)
planes. A—2-4 weeks after surgery. The transverse size of the post-
resection defect of the cortical plate is 4.8 mm, and the longitudinal

size is 4.75 mm. B—6-8 weeks after surgery. The transverse size of
the post-resection defect is 3.5 mm, the longitudinal size is 3.4 mm.
C-16-18 weeks after surgery. There is no post-resection defect of the
cortical plate (arrow)
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Fig. 2 Dynamics of reparative ostogenesis in rabbits with lyophilized
decalcified bone matrices (LDBM group) on CT slides in the axial (1)
and oblique-sagittal (2) planes. A-2-4 weeks after surgery. The
transverse size of the post-resection defect of the cortical plate is

Z2mm
A B f C /
1

3.3 mm, the longitudinal size is 3.2 mm. B—6-8 weeks after surgery.
The transverse size of the post-resection defect is 1.2 mm, and the
longitudinal size is 0.8 mm. C-16-18 weeks after surgery. There is
no post-resection defect of the cortical plate (arrow)

2

Fig. 3 Dynamics of reparative ostogenesis in rabbits with composite
tissue constructs LDBM + multipotent mesenchymal stem cells
(LDBM/MMSC group) on CT slides in the axial (1) and oblique-
sagittal (2) planes. A—2—4 weeks after surgery. The transverse size of
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the post-resection defect of the cortical plate is 2.2 mm, and the
longitudinal size is 2.6 mm. B-6-8 weeks after surgery. There is no
post-resection defect of the cortical plate (arrow). C-16-18 weeks
after surgery. Defects were completely closed (arrow)
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Table 1 Postoperative changes in the size of post-resection bone defects in the mandible of rabbits (mm)

Group Number of samples Baseline Defect size (M =+ )

2-4 weeks 6-8 weeks
AG 4.78 £+ 0.31 3.42 £ 0.48*
LDBM 3.26 £ 0.29* 0.88 £ 0.67*
LDBM/MMSC 2.57 £ 0.43%° 0.00 £ 0.00%*
“Difference is statistically significant, p < 0.001
Table 2 Postoperative bone density in the defect area in rabbits (HU)
Group Number of samples 6-8 weeks (M + 9) 16-18 weeks (M + o)

Intact area Defect area Intact area Defect area

AG 6 1226.7 + 76.4 3853 + 294 1303.4 £+ 73.7 601.4 £+ 31.8
LDBM 6 1424.6 + 83.7 574.8 £+ 47.8% 1493.8 + 93.6 825.3 £+ 62.8*
LDBM/MMSC 6 1575.0 + 112.9 1056.3 £+ 76.8* 1579.4 £+ 121.6 1574.7 £ 112.3

"Difference is statistically significant, p < 0.001

side of the graft bed. Tissues adjacent to the bone plate,
rich in vessels and osteoclasts, grew deep into it, up to the
cortical layer forming the external surface of the bone.
After 2 weeks, there was no prominent cellular reaction
detected on the side of the graft bed.

The autograft structure was often seen to consist of bone
tissues having the form of a thin cortical plate with linear
orientation of layers running parallel to the surface, a few
osteocyte lacunae, and rare capillaries. This was the case of
some areas of the transplanted bone, but not all of them. By
week 4, the structure of the cortical plate became more
complex. The external surface of the bone plate consisted
of several parallel layers of the cortical bone, whereas the
internal surface had one or two layers of the cortical bone,
which were also parallel to the surface. Such structure
indicates the formation of the new bone tissue.

The external bone plate was found to be thickened
6-8 weeks after the transplantation. A great portion of the
autograft was characterized by the presence of a solid
cortical bone with uneven, convoluted borders. The inter-
nal surface of the bone plate was underlain by layers of
active connective tissue with noticeable osteogenic prop-
erties. By the end of week 8, a thick bone plate with rel-
atively smooth borders was formed. In the external cortical
layers of this plate, there were wide channels with
microvessels that were fixed. The deeper layers were
characterized by the presence of relatively wide channels

with large thin-walled vessels and narrower channels with
capillaries.

The long-term consequences of autograft transplantation
(16-18-week follow-up) were associated with the forma-
tion of a cortical bone. Bone tissues between the external
and internal bone plates represented chaotically oriented
layers with numerous lacunae and rarely seen capillaries.
Typical osteons or similar structures were hardly detected.
These findings suggest that the formation of the new bone
tissue was almost complete.

As for the LDBM group, a histological analysis revealed
two thin bone plates in the defect areas already 2 weeks
after the surgery. The two plates in point were connected
by a honeycomb connective tissue. The plates were not
solid, but their bone fragments were oriented approxi-
mately in the same plane. By the end of week 4, a can-
cellous bone with large bony trabeculae was detected in the
defect area.

After 16-18 postoperative weeks, the trabeculae were
separated by multiple lacunae of the connective tissue
containing primarily the fat cells. During this period, the
bone plate showed a tendency toward thickening and the
mass of bone trabeculae increased. To sum up, osteogen-
esis in the LDBM group was marked by the primary for-
mation of the cancellous bone, which maintained in a
significantly altered form.

The LDBM/MMSC group was characterized by the
presence of a thick bone plate with deep invagination in the
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defect area detected 2—4 weeks after the operation. The
edges of areas with invagination resembled the trabeculae
of the cancellous bone. The bone plate was formed by the
cortical bone tissue, the layers of which were oriented
largely parallel. It was underlain by a reticular connective
tissue in which some parts were penetrating into the
invagination area.

The dynamics of bone plate formation in the LDBM/
MMSC group became unambiguous after 6-8 weeks of
follow-up. The deep layers of a relatively thick bone plate
were represented by the cancellous bone. The most chan-
nels and lacunae had osteoblasts covering almost entirely
the bone surfaces, which were formed by the newly gen-
erated bone matrices. The active osteogenesis observed in
the bone plate involved the transformation of cancellous
bone into the cortical bone.

At the 16-18-week follow-up, the external bone plate of
the lower jaw had the look of a fully formed bone. It was
represented by a thick flat plate with external layers formed
by the cortical bone and oriented parallel to the surface. In
some cases, a chaotic interlacing of the newly generated
layers was observed, the texture of which resembled a
dense coarse-fibrous bone tissue. The process of osteoge-
nesis thus involved the shift from the cancellous bone to
the cortical bone.

Discussion

The present study performed a comparative morphological
analysis of reparative bone tissue regeneration patterns
between rabbits with three different types of reparative
constructs: autogenous bone graft, lyophilized decalcified
bone matrix (LDBM), and LDBM combined with pre-
cultivated multipotent mesenchymal stem cells of the bone
marrow origin.

Analysis of CT data and histological findings revealed
the most favorable dynamics of regeneration with a com-
posite scaffold (i.e., LDBM/MMSC). Namely, the com-
plete defect closure and bone density restoration in the
LDBM/MMSC group were observed earlier than with other
constructs. The autogenous bone graft was the least
effective option, as evidenced by almost a two times lower
density of the newly generated bone tissue by the end of the
experiment as compared to other choices. With the LDBM
scaffold, it was only 1.5 times lower. Using LDBM did not
provide a full-fledged bone tissue formation; even
16-18 weeks after the surgery, the newly generated bones
has a structure similar to the structure of a cancellous bone.

In recent years, many studies in maxillofacial surgery
have sought to find autograft alternatives and a way to
direct bone formation. Experiments are underway to inte-
grate different osteoplastic materials into the surgical

@ Springer

practice, such as tissue-engineered constructs containing
regulatory proteins, gene fragments, and cellular elements
[19, 20]. Particular attention is paid to the use of multi-
potent mesenchymal stem cells [21], which show great
promise, as they can be obtained from various sources,
including the patient’s own tissues [22]. Current studies
highlight that MMSCs have the ability to differentiate into
a variety of cells, including the osteogenic cells [19, 22].
This process does not require special conditions, but the
presence of appropriate stimuli (growth factors and dif-
ferentiation factors) in the culture medium may be neces-
sary. For instance, dental pulp stem cells can produce a
mineralized matrix under certain conditions, and in vivo
experiments revealed that they have the potential to dif-
ferentiate into osteocytes and form a cortical bone [21].
One may thus assume that the use of MMSCs for reparative
bone regeneration requires the presence of factors neces-
sary for osteogenic differentiation. A success of reparative
bone regeneration depends on the immobilization time of
the implanted cells. It must be sufficient for the implanted
cells to create a positive impact. For this, natural or syn-
thetic biodegradable materials are most often used, which,
among other things, act as a matrix facilitating interactions
in the tissue space critical for bone repair [23]. Perhaps, the
major role of MMSCs in bone tissue regeneration is the
enhancement of angiogenesis and attraction of growing
microvessels to the repair zone.

Based on the above, experiments with LDBM grafted
into the bone defect area together with MMSCs are of
relevance for the creation of new effective methods of bone
regeneration. The present study showed substantial differ-
ences in the dynamics of bone formation between the
composite LDBM/MMSC graft and the two alternatives
(i.e., autogenous bone graft and LDBM alone). The results
of the CT examination and histological analysis suggest the
high effectiveness of the proposed composite solution in
reducing the duration of osteoreparation and closing the
bone defect.

Many researchers believe that in order to obtain a full-
fledged bone in the defect area, it is vital to stimulate the
regeneration cascade [16, 24], while the mechanism of its
activation (fibrin clot, autograft, collagen matrix, or mes-
enchymal cells) is not important. However, the presence of
MMSCs in the tissue-engineered constructs can make it
possible to achieve greater efficiency in bone regeneration,
both in terms of time and quality [25].

Conclusions
The use of tissue-engineered structures containing multi-

potent mesenchymal stem cells helps to shorten the
recovery period and restore the structure of a full-fledged
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(compact) bone tissue with fewer complications. One such
structure is a tissue-engineered construct consisting of
LDBM and MMSCs. When it comes to speed and quality
of the newly generated bone tissue, it may serve as a good
alternative to autografts. However, there are financial and
technical barriers to the implementation of tissue-engi-
neered products in clinical routine, such as high manu-
facturing cost, challenges associated with the large-scale
production, special storage requirements, legal issues, and
problems with the registration of medical devices that
contain living cells.
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