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Abstract

Background Management of bone defects with autologous bone grafting has always been the "gold standard" but it is not always possible
to use it for a number of reasons. Preprocessed materials of biological and non-biological origin were developed as an alternative.
A new branch of these materials is tissue-engineered constructs that fully imitate autologous bone in required volume. Aim is to study
in vivo the possibility of using deproteinized human cancellous bone tissue as a matrix for creating tissue-engineered constructs.
Methods The study was carried out on 24 NZW line rabbits, since this line has a fully characterized stromal-vascular fraction formula
(SVF). The study design included 3 groups. Fikst group (control) had surgical modeling of bone defects in the diaphysis of the
contralateral femur without reconstruction; Group 2 had bone defect reconstruction using fragments of a deproteinized cancellous
bone graft; group 3 underwent bone defect reconstruction using fragments of deproteinized cancellous bone matrix along with the
autologous adipose tissue SVF (obtained according to ACP SVF technology). Animals were sacrificed with ether anesthesia at 2, 4
and 6 weeks after the operation and subsequent histological study followed. Result During all periods of the study, the newly formed
bone tissue volume density in the 3™ group (reconstruction with deproteinized human cancellous bone + stromal-vascular fraction)
was 1.78 times higher (p < 0.001) than in the first group (bone defect without reconstruction), 1.21 times higher (p < 0.001) than in the
2™ group (reconstruction with deproteinized cancellous bone alone). The dynamics of changes in the mature bone tissue volume density
was similar to those of the newly formed bone tissue. Discussion The comparative analysis of reparative processes using a tissue
engeneered construst based on deproteinized cancellous human bone with adipose tissue stromal vascular fraction revealed that the use
of these bone substitute materials contributes not only to the early activation of reparative regeneration of the main structural elements
of bone tissue at the site of bone defect, but also their timely differentiation. Conclusion The use of deproteinized cancellous bone
matrix combined with stromal-vascular fraction to create a tissue-engineered construct could unleash several regeneration mechanisms
and accelerate the process of bone defect site repair, compared with 1st and 2nd group of study.
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INTRODUCTION

Bone defect repair remains to be a difficult prom
inthe field of reconstructive surgery. Despite several trends
under study, autogenous bone grafting still is a “gold
standard” [1, 2, 3]. However, for a number of reasons,
it is not always possible to completely fill in a bone defect
with the graft [4, 5, 6]. As an alternative to autogenous
bone graft, bone substitute materials have been used.
They can have different origin: biological or non-
biological one. One of the ways of bone reconstructive
technologies development is the use of combined tissue
engineered constructs together with the patient's own cell

material. Such construct design is able to fully imitate
autogenous bone tissue in the required volume [7].
Currently, according to literature data, the most suitable
in terms of its properties as the basis (or matrix) for such
constructs is bone allograft [3,8,9]. Nevertheless,
allogeneic bone cannot unleash the stimulation
of the osteogenesis processes [3]. That is why autologous
non-immunogenic cell material is strongly needed [7].

Aim is to study in vivo the possibility of using
deproteinized human cancellous bone tissue as a matrix
for creating tissue-engineered constructs.

MATERIAL AND METHODS

The study was carried out on 24 NZW line rabbits,
since this line has a fully characterized stromal-vascular
fraction formula (SVF) [10, 11, 12, 13, 14, 15].
The study complies with international standards and
ethical principles for laboratory research ISO 10993-2,

ISO 10993-6-2021. The design of the study included
3 groups. The first group (control) had surgical
modeling of bone defects in the areas of the diaphysis
of the contralateral femur without reconstruction, similar
to the study groups; 2™ group had surgical modelling
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of the femoral diaphysis defect with its reconstruction
using fragments of a deproteinized cancellous
human bone graft (matrix); 3 group underwent
surgical modeling of femoral diaphysis defect with
its reconstruction using fragments of deproteinized
cancellous human bone matrix together with
the autologous adipose tissue stromal-vascular fraction.
Stromal-vasular fraction was obtained according to ACP
SVF technology (Patent US10512659B2). Animals
were sacrificed with ether anesthesia at 2, 4 and 6 weeks
after the operation. Under the standard conditions, the
material was harvested for subsequent histological
assessment to evaluate the bone substitute materials
local effect on living tissues and the implementation
of reparative osteogenesis in the bone defect
reconstruction area.

Adipose tissue material was taken through the dorsal
paravertebral approach during the main surgical
procedure. It is for this localization in adult rabbits that the
largest amount of beige adipose tissue is typical [11, 16].
After obtaining adipose tissue, fragments of cancellous
deproteinized bone matrices, 5 x 5 mm in size, were
installed paravertebral and subcutaneously to determine
their impact on living tissues.

To assess the effectiveness of reparative
osteogenesis in the bone reconstruction site, fragments
of deproteinized cancellous bone were implanted
into simulated bone defects according to the study
design. To confirm the absence of variability
in the morphological manifestations of bone tissue
reparative regeneration in the conditions of each
individual animal, an additional defect was formed
in the femur diaphyseal part on each limb.

After the harvesting, study samples were fixed
in 10 % neutral buffered formalin solution for 72 hours,
followed by decalcification in the Richmann-Gelfand-
Hill solution for 10 days at a temperature of 20 °C.

After standard histological processing in a series
of alcohols and xylene increasing concentration,
bone tissue samples were embedded in paraffin
blocks, followed by making serial sections 4-5 pm
thick and staining them with hematoxylin and eosin.
For differentiated quantitative assessment of "mature"
and emerging connective tissue in the study samples,
histological  sections were stained according
to Van Gieson and impregnated with silver. Light
microscopy with obtaining overview micrographs
was carried out on an OLYMPUS CX 43 laboratory
microscope withan OLYMPUS UC 90 camera (Olympus
Medical Systems Corp., Japan). Morphometric
study of histological samples of matrices heterotopic
and orthotopic implantation sites was performed using
the Imagel] software (version 1.530, 2022, Wayne
Rasband and contributors National Institutes of Health,
USA) at 200 magnification. The numerical density
of the vessels (Nai), the percentage of implantation
zone full-blooded vessels (%), the volume density
of mature collagen fibers (Vv%), the volume density
of argyrophilic connective tissue fibers (Vv%),
the volume density of mature and newly formed bone
tissue (Vv%) were evaluated in histological sections.

The obtained morphometric data were statistically
processed using the RStudio program (version 2022.02.1
Build461 - © 2009-2022 RStudio, Inc., USA)
in the R language (version 4.1.3 (2022-03-10), Vienna,
Austria). Comparison of continuous scores between
the groups was performed by a non-parametric unpaired
Mann — Whitney U-test. The distribution bias was
calculated with the 95 % confidence interval. Categorical
scores were compared by Fisher's exact two-sided test.
Correction for multiple testing error when comparing
categories was carried out using the Benjamini —
Hochberg method, the difference was considered
statistically significant if p < 0.001.

RESULTS

From the 2™ week of the study, light microscopy
of the heterotopic implant fixation area histological
skin samples revealed the formation of a thick-walled
connective tissue capsule with weak infiltration
of the walls by macrophages and mononuclear
leukocytes between the dermis and the muscle.
Between the fibers of the connective tissue, a large
number of small thin-walled blood vessels without
signs of hemocirculatory disorders were revealed.
Fragments of mplanted deproteinized cancellous bone
matrices were represented by mature bone tissue.
In the tissues, perifocal to the area of implantation
of bone matrices, the formation of a cellular
inflammatory infiltrate was not detected.

Visual examination of the experimental bone
defects modeling tissues areas with orthotopic
reconstruction using bone-substituting materials

showed no signs of a local inflammatory reaction
in all animals.

The assessment of reparative osteogenesis according
to hystological sections is presented at the Table 1.

Fromthe 2™week, asignificant prevalence of indicators
of the vessels numerical density of groups 2 and 3
relative the control group 1 (p <0.001) was determined.
There were no significant differences between group 2
and 3 at this stage (p=10.699). A significant prevalence
of the group 3 indicators over those in group 2 was noted
from the 4th week of the study (p < 0.001) and persists
by the 6th week (p <0.001) (Fig. 1).

By 6 weeks, the percentage of full-blooded vessels
progressively increases in all groups. Only a small
decrease in this parameter in group2 compared
to the control group 1 was determined as statistically
significant (p < 0.001) (Fig. 1 and 2).
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Table 1
Histological study results of reparative osteogenesis in orthotopical reconstruction of bone defects
with different types of bone substitute material (M + m)
Study groups
. 2" group (deproteinized 3" group (deproteinized cancellous
st
Study parameters 1* group (control) cancellous bone graft) bone matrix with SVF)
Timeline (week of study)
2 4 6 2 4 6 2 4 6
Vessels numerical 10.43* + | 18.73*% £ | 23.70* £ | 10.40* + | 20.36*** £ | 26.31*** +
density, Nai SO1£1.5/825£ 151666257 "L 35 | Loy | 168 | =34l L 45 +79
Full-blooded vessels " 75.49% £ | 92.20* + | 81.19%** + "
percentage, % 54.44+0.278.82 £ 0.296.58 £0.138.3% £ 0.2 "7/ ol oo |6445%£02/9737+03
Mature collagen 8.83% + 10.68%*** +
fibers volume density, | 5.15+ 0.6 | 7.08 + 1.1 |12.68 £ 2.5/6.35* + 3.8 ﬁ;2 53 9.26% + 1.6/ 6.88* +1.5|9.30* £ 1.1 'i 16
o . .
Vv%
Argyrophilic
connective tissue % 10.03* + | 9.66%*** £ % "
fibers volume density, 7.33+£0.7(11.83 £ 1.1|14.19£2.4/7.25+1.8(9.95*% £ 1.6 120 113 10.23* £ 1.9/10.65* £ 2.1
Vv%
Mature bone tissue " % 12.83% £ | 8.63*** £ | [1.51%** £ | 14.58*** &
volume density, Vv% 2.88+0.7|6.43+0.8(8.98+1.65.98*+2.88.81*+ 1.5 £15 129 125 122
Newly formed bone
. . 13.53% £ | 9.51%** 4+ | [295%%*%+ | 16.43%** £
k k
slssg}oe volume density, |3.81+£0.7|6.43+0.8/9.26+2.1|6.11* £3.29.81* £ 1.6 127 120 1271 +21

* — statistically significant differences from indicators in the control group, p < 0.001; ** — statistically significant differences from
indicators in the 2™ group, p < 0.001
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Pairwise test: Dunn test, Comparisons shoun: only significant

Fig. 1 Vessels numerical density and full-blooded vessels percentage for each group of the study at 2, 4 and 6 weeks
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The value of the newly formed bone tissue volume
density progressively increased from the 2™ to the 6" week
of the study in the 1* group — 1.6 times, in the 2™ group —
2.2 times and in the 3™ group — 1.7 times (Fig. 3 and 4).
During all periods of observation, the newly formed
bone volume density in the 3rd group was on average
2.1 times higher than in the 1% study group (p < 0.001),
and on average 1.36 times higher than in the 2™ group
(p <0.001).

Group 1 (control)
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Group 2 (bone graft)
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The mature bone tissue volume density in the study
samples increased from the 2™ to the 6% week
in all groups; in the 2" and 3™ groups the indicators were
greater than in the 1% group of the study during all period
of study. The dynamics of changes in the mature bone
tissue volume density was similar to those of the newly
formed bone tissue. The studies indicated a more active
process of differentiation of the newly formed bone
tissue starting from the 4™ week of the study.
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Fig. 2 Diagram showing vessels numerical density (left) and full-blooded vessels percentage (right) for each group of the study at 2, 4 and 6 weeks
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Fig. 3 Volume density of newly formed bone tissue (Vv%) and mature bone tissue (Vv%) for each group of the study at 2, 4 and 6 weeks
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Fig. 4 Diagram showing volume density of newly formed bone tissue (right) and mature bone tissue (left) for each group of the study at 2, 4

and 6 weeks

DISCUSSION

The choice of the rabbit animal model for this study
was justified by a similar type of reparative osteogenesis,
the Haversian type in this species of mammals and
humans [11, 17]. This allows the results of this study
to be extrapolated to humans.

The choice of deproteinized cancellous
human bone tissue as a bone matrix is justified
by scientific literature data and the results of our
previously conducted studies, which revealed
the properties of this material, allowing it to be
used as an independent bone-replacing material and
considered as a bone matrix for creating efficient
tissue engineering constructs [3, 18].

Inthecaseofusingaconstructbased onadeproteinized
bone matrix containing an autologous material that
can have impact on bone tissue regeneration, all four
processes of bone tissue regeneration are switched
on: osteoblastic, osteoinductive, osteoconductive, and
stimulated osteogenesis (Fig. 5).

Despite the fact that in this study the bone
matrices used are xenogenic for animals, starting from
the 2™ week macro- and microscopic morphological
signs of a local inflammatory reaction of soft tissues and
rejection of bone matrices in areas of their heterotopic
implantation were absent.

The adipose tissue stromal-vascular fraction, isolated
and processed according to the standard method, was
chosen as a biologically active component for creating
a tissue-engineered construct based on a deproteinized
cancellous bone matrix, enabling to exclude an additional
experimental quantitative assessment of the cell
composition of the obtained fraction [14, 15, 19].

This is justified by the cell composition
of the fraction and the cells properties themselves —
adipose tissue stem cells, endothelial and blood vessels
smooth muscle cells and their precursors, fibroblasts,
macrophages, T-lymphocytes, pericytes and other cells
that cause a pronounced regenerative potential, anti-
inflammatory effect and immunoregulatory activity.
Also, the stromal-vascular fraction factors stimulate the
formation of the vascular network, which contributes
to the regeneration of bone tissue [2, 15, 20, 21, 22].

The comparative analysis of reparative processes
using a deproteinized cancellous human bone tissue
matrix and its combination with adipose tissue stromal
vascular fraction revealed that the use of these bone
substitute materials contributes not only to the early
activation of reparative regeneration of the main
structural elements of bone tissue at the site of bone
defect, but also their timely differentiation.

Tissueengineered
constructs,
containing autologic cell

Osteoplastic osteogenesis

Bone autograft and/or recipient

growth factors

Bone allograft

Osteoinductive osteogenesis

Osteoconductive osteogenesis

Xenograft

Fig. 5 Mechanisms
of osteoplastic material
effect on the processes

Synthetic

materials of bone regeneration

Stimulated osteogenesis
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CONCLUSION

According to the results of macro- and microscopic
assessment at the deproteinized bone matrices
heterotopic and orthotopic implantation sites, there
were no signs of inflammation and destructive
changes in the tissue. That fact is a sign of biological
safety of deproteinized cancellous human bone tissue
in relation to living tissues.

The use of deproteinized bone  matrix
in combination with stromal-vascular fraction to create
a tissue-engineered construct may unleash several
regeneration mechanisms and accelerate the process
of'bone defect site repair, compared to the situations with
the use of a deproteinized bone matrix alone or without
reconstruction of a bone defect.
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