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INTRODUCTION
Topicality and importance of the subject studied

Bone defects of different origins initiate natural regeneration mechanisms in the human body
and most of the time sufficient for the recovery of the small bone defects [1]. The bone remodeling
process is qualified as one with the most complex mechanisms. Bone cells, having a complex
communication with each other, perfectly orchestrate the processes of bone healing
(consolidation), the mechanical adaptation of the skeleton and of course regulate calcium
homeostasis [2]. However, the treatment of bone defects becomes a real challenge when we talk
about massive bone defects, especially those after severe trauma, massive tumor formations,
localized and aggressive infectious processes or congenital bone defects. For such diagnoses,
traditional treatment methods are used [3, 4, 5, 6, 7]. However, for bone defects exceeding 4-5 cm
in length, the bone grafting procedures currently used may be insufficient [8, 9]. The increased
demand for interventions to recover bone defects of different etiology, the improvement of
technical possibilities, and of course the large-scale development of tissue engineering (TI)
induces the approach of the given problem to another level [1, 10, 11].

The ideal material for bone construction should be a biocompatible, biodegradable,
osteoconductive, osteoinductive, and with good mechanical properties. The advantages of using
natural extracellular matrix (ECM) include primarily their similarity in morphology and 3D
structure to that of native bone tissue [12, 13]. Medical engineering at the moment has a huge
impact on organ and tissue transplantation, promising the development of obtaining and widely
using ECMs of different origins that will offer the possibility of replacing any non-functional organ
or organ segment [11].

The goal of bone TI is to regenerate/repair tissue with using a biocompatible and
biodegradable graft (natural or synthetic). Taking into account that bone is a very well vascularized
tissue, and all its stages of regeneration (inflamation, maturation, remodeling) depend on a strict
regulation of blood supply, it is very important to develop strategies aimed at the rapid and efficient
vascularization of the implanted graft [14, 15]. In the Republic of Moldova, the need for bone
grafts exceeds 1.4 times the availability. Even more, according to a survey of 161 specialists,
including 75 trauma orthopedic surgeons from 16 different medical institutions, there is an
increased need for bone grafts processed by a method other than freezing [16, 17].

Purpose of the study

Development of the universal protocol for decellularization of tissues with various degrees
of mineralization in order to obtain vascularized composite bone grafts with minimal immunogenic
qualities.

Objectives of the study

1. Elaboration of the surgical protocol to procure the vascularized bone graft of the tibial bone
in laboratory animals;

2. Elaboration of the protocol for decellularization of bone grafts (tibial bone) with
preservation of the vascular pedicle;

3. To test the efficacy of the bone graft decellularization used method by qualitative (H&E,
DAPI, SEM) and quantitative (DNA quantification) methods;

4. To test the biocompatibility of vascularized bone extracellular matrices using different cell
types for in vitro recellularization.

Methodology of scientific research
In order to achieve the purpose of the work, we have started a preclinical experimental

study that was based on 2 major elements: the increased demand for bone transplantation vs the

evolution of the Tl field. This experimental study was carried out on biological samples taken from

laboratory animals (pigs) and is based on soft tissue and hard tissue samples (blood vessels of
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porcine origin of three different diameters, periosteum, avascular bone grafts, vascularized
composite bone grafts). The objectives of the study were achieved by performing the following
steps: (1) was developed the surgical protocol for vascularized bone grafts procurement; (2) a
protocol described for the decellularization of small bone grafts was adjusted and tested on large,
medium, and small caliber vascular grafts, plus on large avascular bone grafts (cortical and spongy
bone grafts), and on vascularized composite bone grafts; (3) the effectiveness of the
decellularization protocol was assessed through qualitative and quantitative tests; (4) the
biocompatibility of vascular ECMs, avascular bone ECMs and vascularized bone ECM was tested
performing in vitro recellularization using different cell types.

Decellularization of soft and hard tissue grafts was possible using a protocol that included:
an isotonic solution (0.1 % ethylenediaminetetraacetic acid, EDTA + phosphate saline buffer,
PBS), a chelating agent (0.1 % EDTA + tris aminomethane buffer solution, TRis buffer), a
detergent (0.5 % sodium dodecyl sulfate, SDS) and an enzyme solution (300 U/ml
deoxyribonuclease, DNase). Static decellularization was used for vascular and avascular bone
grafts, and the decellularization for vascularized composite bone grafts was performed by infusion
of solutions using two infusion routes: (1) perfusion of the solutions through the vascular pedicle
and (2) perfusion of the solutions through the bone diaphysis. Also, the efficacy of
decellularization at increasing the detergent concentration (SDS) from 0.5% to 1% was tested. In
order to assess the efficacy of the decellularization protocol, the qualitative analysis of soft and
hard tissue samples (histological staining Hematoxylin and Eosin, H&E and 4', 6-diamidino-2-
phenylindole, DAPI) was performed, and the quantitative analysis of the decellularization process
was performed based on DNA quantification for avascular and vascularized bone grafts. In order
to assess the microscopic changes that occurred at the level of the bone component of vascularized
bone ECM, scanning electron microscopy (SEM) of native vs decellularized cortical and
cancellous bone samples was performed.

The most important moment of the study, the assessment of biocompatibility by in vitro
recellularization of the obtained ECMs, was performed by using human umbilical venous
endothelial cells (HUVEC) for vascular grafts, and the allogeneic mesenchymal stem cells from
bone marrow — BM MSC (porcine origin) for avascular bone grafts and vascularized ones.

The analysis of histological samples and cell cultures was performed using the optical
microscope, fluorescent microscope and stereo microscope. The data were collected and processed
with the help of the Excel program from Microsoft Office version 2017. Using the same program,
continuous variables were expressed as mean + SD. The statistical processing was carried out with
the help of the SPSS program (version 17.0). The comparison and assessment of the statistically
significant differences between the mean values of the evaluated parameters was carried out with
the help of the independent parametric test t-Test. The p-value was interpreted as statistically
significant for p<0.05.

The study was approved by the Research Ethics Committee of the Nicolae Testemitanu State
University of Medicine and Pharmacy of the Republic of Moldova, with the issuance of the
favorable opinion no. 71 on 21.05.2018. This study was carried out at the Laboratory of Tissue
Engineering and Cell Cultures of the Nicolae Testemitanu State University of Medicine and
Pharmacy, Chisinau, Republic of Moldova and the Leibniz Research Laboratory of Biotechnology
and Aurtificial Organs (LEBAQ), Hannover School of Medicine (MHH), Germany, during 2017-
2022.

Scientific novelty and originality of the results obtained

The scientific novelty of the work consists in the elaboration of a universal decellularization
protocol. A universal protocol for the reasons that it can be applied for the decellularization of
hard tissue and soft tissue. The final product to obtain such a protocol was an vascularized bone



ECM, biocompatible in vitro, vascularized by its vascular pedicle. The basic element of the study
was not only the elimination of the immunogenic components from the bone, vascular and
periosteal compartment of the graft, but also the obtaining of a qualitative vascular and bone ECM.
The biocompatibility of the obtained ECMs was demonstrated by in vitro recellularization using
different cell types.
Theoretical importance and main scientific results

(1) The surgical protocol for procurement an allogeneic tibial bone graft in complex with its
own vascular pedicle for subsequent decellularization was developed. For the first time, this graft
model was used as material for obtaining the natural vascularize bone extracellular matrix; (2) the
universal decellularization protocol for obtaining vascularized composite bone ECMs has been
developed and tested; (3) microscopic changes (SEM) that occur at the level of cortical and
cancellous bone after processing/decellularization were analyzed; (4) it was possible to obtain in
vitro biocompatible bone allografts, which denotes the functionality of the universal protocol
tested; (5) Was achieved in vitro recellularization of the ECMs obtained by seeding different cell
types (HUVEC for vascular ECMs and BM-MSCs for bone ECMs).
Applicative value of research

The study represents a positive argument to the question of whether or not we can use a
universal decellularization protocol in order to obtain vascularized composite bone ECMs (ducted
tissue + soft tissue). Thus, we can consider the obtained results a strong scientific basis in the
further elaboration of the action plan for research projects in vascularized bone allotransplantation
based on in vivo studies, using MECOv obtained through IT.
Implementation of research results

The results collected in this study were used for another experimental in vivo study —
,, Treatment of large bone defects using a decellularized vascularized bone allograft incorporated
into the recipient's vascular circuit”. Thus, we expect the implementation of a new
decellularization protocol for vascularized composite bone allgrafts within the Laboratory of
Tissue Engineering and Cell Cultures of the Nicolae Testemitanu State University of Medicine
and Pharmacy.
Approval af scientific results
The results of the study were presented within the following scientific forums: MedEspera
International Medical Congress for Students and Young Doctors, Chisinau, Moldova, 3-5 mali,
2018. Conferinta stiintifica anuala a cadrelor stiintifico-didactice, doctoranzi, masteranzilor,
rezidentilor si studentilor, USMF ,Nicolae Testemitanu”. Chisindu, Republica Moldova, 16-18
octombrie 2019. 11" BAPRAS Congress, 12" National Congress of RSSH and 13" National
Congress of RSRM, Cluj-Napoca, Romaénia, May 9-11, 2019. MedEspera International Medical
Congress for Students and Young Doctors, Chisinau, Moldova, 24-26 septembrie, 2020.
Conferinta stiintifica anuald a cadrelor stiintifico-didactice, doctoranzi, masteranzilor,
rezidentilor si studentilor, USMF ,Nicolae Testemitanu”. Chisindu, Republica Moldova, 20-22
octombrie 2021. International european conferince on interdisciplinary scientific research.
Warsaw, Poland, August 8-9, 2021. 19" National Congress of the Romanian Association of
Plastic Surgeons, 14" National Congress of the Romanian Society of Reconstructive
Microsurgery, 13" National Congress of the Romanian Society for Surgery of the Hand.
Timisoara, Romania, April 28-30, 2022. Conferinta stiintifica nationald a ortopezilor si
traumatologilor din Republica Moldova, editia a XVIII-a ,,Leziunile locomotorului — principii
minim invasive de tratament”, Chisinau, Republica Moldova, 25 iunie 2022. National Scientific
Conference with International Participation ,,Cells and tissues transplantation. Actualities and



perspectives” dedicated to the 10 anniversary of the founding of the Human Tissue and Cells Bank
and to the 15" anniversary of the founding of the Laboratory of Tissue Engineering and Cells
Culture of ,, Nicolae Testemitanu” State University of Medicine and Pharmacy. Chisinau, Republic
of Moldova, March 17-18" 2023. 6" International Conference on Nanotechnologies and
Biomedical Engineering — ICNBME-2023. Chisinau, Republic of Moldova, September 20-23,
2023.
Research publications

On the research topic, 18 scientific papers were published, including: articles in international
journals with IF — 2, articles in Conference Proceeding indexed in SCOPUS — 3, articles in national
journals B+ — 1, materials/theses at international conferences — 3, materials/theses at international
conferences organized in the Republic of Moldova — 2, materials/theses at conferences (national
conferences) — 7. During the research period, 2 innovator certificates were obtained.
Structure of the thesis

The thesis is presented over 143 pages and includes: table of contents, list of abbreviations,
13 tables, 45 figures, introduction, 4 chapters, general conclusions, and practical
recommendations. The work concludes with a reference list composed of 257 titles, 2 appendices,
the author’s CV, and a declaration of responsibility. Keywords: bone allograft, composite
allograft, vascularized allograft, decellularization, tissue engineering, extracellular matrix,
recellularization, biocompatibility. Keywords: bone allograft, composite allograft, vascularized
allograft, decellularization, tissue engineering, extracellular matrix, recellularization,
biocompatibility.

THESIS CONTENT

1. The chapter ROLE OF TISSUE ENGINEERING IN OBTAINING ALLOGRAFTS
represents an review of the specialized publications in view of the methods of obtaining
vascularized bone ECM. The basics for a qualitative ECM are reviewed, as well as the most acute
problems encountered in the in vivo transplantation of natural ECM.

TE is a promising branch, with amazing evolution in recent years, which aims at tissue
regeneration [15, 18, 19, 20]. Through the use of nanotechnologies, 3D bioprinting techniques,
multiple cell types (stem) and of course through the use of ECMs, IT has as its ultimate goal the
creation of tissue grafts for the effective use of replacement therapy for non-functional organs or
segments, through cell replacement or regeneration [21, 22, 23, 24]. Decellularization of organs,
organ segments and tissues ensures the obtaining of three-dimensional acellular scaffolds that can
later be used as an material in reconstruction [25, 26].

At the moment, the problem of massive bone defects is one of the basic pillars in causing
functional disability [21]. The gold standard autologous graft represents a perfect combination of
mineralized ECM, bone marrow and osteogenic cells, thus forming the most osteogenic material
available, with osteoinductive and osteoconstructive properties. However, the available amount of
such biological material is limited [27, 28, 29]. The naturally occurring ECM is an ideal biological
scaffold for the adhesion, growth and differentiation of new cells in the process of remodeling
different types of tissues or organs both ex vivo and in vivo [30, 31, 32]. Currently, several
techniques, along with their advantages and disadvantages, are used to achieve bone tissue
decellularization [33, 34]. The competence of removing cells from an organ/segment is based on
physical, chemical or enzymatic approaches. The decellularization process is most often based on
the combination of these 3 methods to obtain the desired final result [35, 36]. The development of
protocols for obtaining the correct ECM, with subsequent recellularization, would allow the
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evolution of regenerative medicine to another level, which in combination with technical advances
would allow for the creation of personalized ECMs for the future.

The effectiveness of decellularization refers not only to the removal of cellular components,
but also to the preservation of ECM. ECM biocompatibility is one of the basic characteristics of
an applicable matrix [37]. The basic importance of decellularization processes is the removal of
immunogenic elements from allografts or xenografts with the ECM components intact, so as to
minimize the release of molecules associated with the lesions after transplantation. | can say with
certainty that the interaction between antigens and antibodies at the time of transplants of a
damaged, insufficiently decellularized, toxic or insufficiently sterilized of the ECM, further
activates the immune cascade and creates a vicious circle that ends with transplant failure. Despite
encouraging results on the applicability of ECMs, their immunogenicity may be a barrier that
needs to be addressed. Recognizing the factors contributing to the immunogenicity of ECM will
allow us to find solutions for the manufacture of scaffolds with good biocompatibility in vivo that
could be considered applicable for transplantation in the near future [38, 39].

2. RESEARCH MATERIALS AND METHODS

This work relates to a preclinical experimental study, carried out on biological samples taken
from laboratory animals (pigs). This study was carried out at the Laboratory of Tissue Engineering
and Cell Cultures of the Nicolae Testemitanu State University of Medicine and Pharmacy,
Chisinau, Republic of Moldova and the Leibniz Research Laboratory of Biotechnology and
Artificial Organs (LEBAO), Hannover School of Medicine (MHH), Germany, during 2017-2022.
The biological material (vacular grafts, avascular bone grafts, vascularized composite bone grafts)
was collected from laboratory animals, pigs (females and males) with an age around 3 months,
and a body weight of 35-40 kg. The basic objective of this chapter is the detailed description of
the material and methods that I’ve used during the experimental study to obtain vascularized bone
ECM by describing: (i) the surgical protocol for procurement of the vascular grafts, avascular bone
grafts (cortical and spongy) and bone grafts on the vascular pedicle; (ii) the decellularization
protocol used; (iii) the qualitative and quantitative methods used to test the efficacy of the protocol,;
(iv) the method used to test the in vitro biocompatibility of the obtained allografts (vascular and
bone).
Surgical procurement

The hind limb of the piglet, in the first hour after euthanasia, was guided by the anatomical
landmarks described in the literature [40, 41]. The dissection was performed on 8 hind limbs, from
8 different piglets. The dissection were done in sterile conditions. Following the dissection, I’ve
collected vascular grafts of different diameters, avascular bone grafts and vascularized bone grafts.
In order to test the functionality of the vascular pedicle in vascularized bone graft, and to select
the exact dimensions of the bone component, | infused the bone graft with a solution containing
methylene blue for 24 h using an infuzomate. Thus, in the end I’ve obtained a tibial bone graft
with a length of about 5 cm, vascularized by the vascular pedicle, the nutritive artery - the branch
of the popliteal artery

In order to eliminate confusion, since most of the data in the literature use the term ,,small
diameter blood vessels” for arterioles, | will use the combination of words ,,large diameter vessel”
for the carotid artery, ,,medium diameter vessel” for the femoral artery, and ,,small diameter
vessel” for the caudal tibial artery. I consider this classification real because in some sources, the
classification of arteries by diameter uses the term ,,small-caliber vessel” for vessels with a
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diameter of 0.3 mm to 10 um. The vascular and bone grafts collected for the study are shown in
Figure 1.

Figure 1. The grafts used in the study for decellularization. (A) large caliber vessel,

carotid artery, (B) medium and small caliber vascular grafts, superficial femoral artery and
caudal tibial artery, (C) avascular bone grafts, (D) vascularized composite bone graft.

Decellularization protocol

The vascular and bone grafts were processed according to the following steps: 1h - isotonic
solution, which was obtained from the dilution of 0.5 ml of 0.5 mM (equivalent to 0.1 g of 372.24
g/mol) EDTA (ethylenediaminetetraacetic acid/Ethylenediamine tetraacetic acid) per 100 ml PBS
solution (phosphate buffer saline solution/Phosphate Buffered Saline); 16 h - a solution containing
a chelating agent, which was obtained by diluting 0.5 ml of 0.5 mM (equivalent to 0.1g of 372.24
g/mol) EDTA per 100 ml TRis buffer 10 mM with ph 7.5; 1 h - PBS solution; 24 h - with a solution
containing an anionic detergent obtained by dissolving 0.5 gr SDS (Sodium dodecyl sulfate) in
100 ml Tris buffer 10 mM with pH 7.5; 7 h - PBS, with the solution changed every 1 h; 24 h - a
solution containing a non-ionic detergent that was obtained by diluting 1 ml Triton X-100 per 100
ml Tris buffer 10 mM with pH 7.5; overnight - PBS, with changing the solution 7 times in the first
hour; 48 h - DNase 300 U/ml, at 37°C, the solution being changed every 24 h, DNase 300 U/ml
was obtained by diluting 1 mg DNase with the activity of 5279 U/mg in 17.5 ml PBS and 17.5 pl
1 M MgCI2.

For vascularized bone grafts, in the 8th step of graft processing, where the enzymatic
solution was used, we applied measures to rationalize the research costs (decrease the volume of
the solution used) and to reduce the number of animals needed for the study (use of technical
replicates). Thus, I’ve collected 3 bone samples from the cancellous segment of the graft and 3
bone samples from the cortical segment (the dimensions of the graft allowed this). The technical
replicates were collected with the help of a manual beige and placed in 50 ml tubes, at 37°C, being
subjected to enzymatic processing with the help of a digital roller stirrer. Subsequently, the
samples were examined qualitatively and quantitatively. The remaining graft was stored at 4°C in
PBS+ antibiotic solution for further examination. The solution was changed every 24 hours for
grafts that required longer storage.

Static-decellularization using a digital shaker with oscillating movements was used for
vascular grafts, and a roller mixer for avascular bone grafts. Perfusion-decellularization was used
for the processing of the vascularized composite bone graft, the solutions were perfused through
the vascular pedicle vs diaphysis using the peristaltic pump with a closed circuit of solutions and
at a speed of 15 ml/h. The methods used are presented in Figure 2.



Figure 2. The decellularization process. (A) static-decellularization, (B) diamanic
decellularization with perfusion of solutions through the popliteal artery, (C) dynamic
decellularization with perfusion of solutions through the diaphysis of the tibial bone.

Assessing the effectiveness of decellularization

The effectiveness of the decellularization protocol was tested using qualitative and
quantitative histological examination, as well as in vitro biocompatibility assay. After the
decellularization was completed, the vascular grafts, periosteum and avascular bone grafts were
qualitatively examined. For the qualitative histological examination were performed H&E and
DAPI staining which allowed the visualization of cell nuclei and DNA. The histology was
performed in the same time for decellularized tissue vs native tissue. The native tissue was
collected from the same graft until the beginning of the processing process and it was used as a
control sample. For avascular bone grafts, were additionally performed the DNA quantification
test. The vascularized bone grafts were examined gquantitatively (DNA quantification) and
qualitatively (SEM) separately for the cortical segment of the graft and the cancellous segment
(native vs decellularized). The in vitro biocompatibility test was performed for vascular ECM,
avascular bone ECM, and vascularized bone ECM.
Biocompatibility test

Biocompatibility by in vitro recellularization has been tested for vascular ECM, avascular
bone ECM and vascularized bone ECM. For recellularization, different types of cell cultures were
used. The biocompatibility test of vascular ECM was performed using human umbilical
endothelial cells (HUVEC). The HUVEC cells used in this study were transposed by lentiviral
transduction with green fluorescent protein (GFP) for visualization under a fluorescent
microscope, cryopreserved and stored at -80°C. Bone ECM recellularization was performed using
allogeneic BM MSC. BM MSC cells were stained with PKH26 for viewing under a fluorescent
microscope (Figure 3).

Figure 3. Primary stem cells (BM MSC). PKH26 staining. (A) the image of the cells obtained
in the light field of the microscope. (B) image of cells obtained in Cy3 field (stained cells
provides a gold color). (C) the image of the cells obtained in the overlapping fields (bright +
Cy3). Scale. A, B, C: 50 um



3. RESULTS OF THE STUDY

Vascular permeability test results for vascularized bone graft
This method of testing the functionality of the vascular pedicle was used to evaluate the

perfusion of the bone segment specific to the vascular pedicle in an in vitro controlled
environment, which means that the dimensions of the bone graft were adjusted depending on the
degree of blue staining of the graft. The most pronounced colored area has been preserved (Figure

4).

s el C
Figure 4. Arterial perfusion test results. (A) the first hour after perfusion of the methylene
blue solution. (B) the parameters of the infuzomate. (C) adjustment of the size of the bone part of

the graft 24 h after perfusion.

Histological examination (H&E and DAPI)

H&E and DAPI histological staining demonstrated the efficacy of the decellularization
protocol by effectively removing cell nuclei in vascular grafts (large, medium and small diameter)
and in cortical and cancellous avascular bone grafts. DAPI staining also showed a lack of DNA
material in all processed grafts. All these under the conditions of preserving the integrity of the
vascular and bone ECMs (Figure 5, Figure 6, Figure 7).

Figure 5. Native vs decellularized vascular graft. H&E staining. (A, B, C) native vascular
grafts. (a, b, ¢) decellularized vascular grafts. (A, a) carotid artery. (B, b) superficial femoral
artery. (C, c) caudal tibial artery. Scale. A, B, a: 200 um; b: 100 um;

C, C: 500 um
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Figure 6. Native vs decellularized vascular graft. DAPI staining. (A, B, C) native vascular

grafts. (a, b, c) decellularized vascular grafts. (A, a) carotid artery. (B, b) superficial femoral

artery. (C, c) caudal tibial artery. Scale. A, B, C, a, b, ¢: 100 um

Figure 7. Native vs decellularized bone graft. H&E and DAPI staining. (A, B, C) native
grafts. (a, b, ¢) decellularized grafts. (A, a) H&E staining for cortical graft. (B, b) H&E staining
for cancellous graft. (C, c) DAPI staining cortico-cancellous graft. Scale. A, B, a: 50 um; b: 20

um; C, c:100 um

Scanning electron microscopy

The analysis of the images obtained at SEM, shows that the decellularization process did
not significantly modify the cortical bone ECM structure, confirming the efficacy and preservation
of the structural integrity of the bone during the decellularization treatment. As for the cancellous
bone samples, they were found to be more sensitive to decellularization processing. This
sensitivity was manifested by the presentation of rougher surfaces in the processed samples
compared to the native cancellous bone samples. In addition, the bone structure lost its contour
uniformity over the entire examined surface, indicating a change in the microstructural appearance
of the cancellous bone tissue following the decellularization process. The images obtained at SEM
for cortical and cancellous native samplies vs decellularized samplies are presented in Figure 8.

11



Figure 8. Cortical and cancellous bone graft, native vs decellularized. SEM. (A) native
cortical bone, (a) decellulized cortical bone. (B) native cancellous bone, (b) decellularized

cancellous bone. Scala. A, B, C, D: 100 um

DNA quantification

The statistical analysis of the obtained results demonstrated a statistically insignificant
decrease after decellularization of DNA in all grafts for the cortical component (p>0.05) and a
statistically significant decrease in DNA for the cancellous component (p<0.05). All data obtained
from the DNA measurement are presented in Table 1.

Other preliminary conclusions after analyzing the results suggest that compared to native
cancellous bone, native cortical bone contains a much lower amount of DNA, even more, in some
cases the amount of DNA in native cortical bone was less than in decellularized cancellous bone.
Thus, | can say that the removal of DNA from the cortical component can be considered less
important than the removal of DNA from the spongy component.

Since the literature does not provide precise data on the relationship between the amount of
DNA present in the transplanted graft and the provoked immune response, we assume that the
amount of DNA remaining in the decellularized vascularized composite graft may be insufficient
to trigger an immune response and, implicitly, an acute or chronic rejection of the vascularized
composite bone implant. However, definitive confirmation of this can only be obtained from in
vivo studies.

As for the results indicating an insignificant increase in the amount of DNA in the cortical
component of the composite graft when infusing decellularization solutions through the popliteal
artery, | assume that these results are not an error. For 3 different grafts, taken from 3 different
animals, decellularized with perfusion of solutions through the popliteal artery, we determined the
insignificant growth of DNA in the cortical area in 2 grafts. This phenomenon can be explained
by the washing of cells/cellular components along the bone structure, which led to the migration
of DNA from the spongy region during graft processing.

Considering the above considerations, | assume that the way of perfusion of decellularization
solutions through the popliteal artery, provides a better result when removing DNA from the
vascularized bone graft after decellularization.
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Tabelul 1. DNA quantification of the bone grafts.

Tissue type DNA concentration (ng/mg), average of technical
triplicates
Sample | Sample Il | Sample Il
DNA quantification of avascular cortico-cancellous graft
Native tissue 3.964 4.547 4.868
Decellularized tissue 3.156 3.676 4.01
DNA quantification of vascularized bone ECM processed by perfusion through the
vascular pedicle
NATIVE Cortical 1.015 2.647 3.835
Cancellous 9.978 6.654 8.51
DECELLULARIZED | Cortical 1.949 3.706 4.122
cancellous 0.862 0.488 0.969
DNA quantification of vascularized bone ECM processed by perfusion through the
diaphysis
NATIVE Cortical 0.912 1.622 1.564
Cancellous 4.705 3.931 3.653
DECELLULARIZED | Cortical 0.706 1.086 1.097
Cancellous 0.949 1.069 1.074

vascular pedicle using 1% SDS

DNA quantification of vascularized bone ECM processed by perfusion through the

NATIVE Cortical 2.097 2.638 3.729
Cancellous 20.132 19.383 20.404

DECELLULARIZED | Cortical 0.970 3.899 4.067
Cancellous 3.462 4.645 5.695

DNA quantification of vascularized bone ECM processed by perfusion through the
vascular pedicle and used for in vitro recellularization

NATIVE Cortical 4.950 3.962 4.508
Cancellous 9.991 8.386 9.722
DECELLULARIZED | Cortical 5.166 4.520 3.211
Cancellous 2.134 2.928 2.049

Biocompatibility test (in vitro recellularization)

Vascular ECM biocompatibility was tested by seeding of HUVEC-GFP cells on the vascular
lumen. After 72 hours of preconditionong of the vascular ECM in specific cellular media at 37°C
Thus, cell seeding and monitoring demonstrated that the vascular graft decellularized by the
protocol used allows the attachment and multiplication of seeded cells. A progressive increase in
the number of cells on the vascular ECM was observed for 8 days, the period for which cell growth
was performed (Figure 5).
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Figure 9. Recellularization of vascular ECM. Preconditioning — 72h. HUVEC-GFP cells on
the vascular ECM lumen. (A) HUVEC-GFP cells on day 2. (B) HUVEC-GFP cells on day 4.
(C) HUVEC-GFP cells on day 6. (D) HUVEC-GFP cells on day 8. A: 500 um; B, C: 200 um; D:
100 pm

The in vitro biocompatibility of avascular bone ECM was tested by seeding PKH26-labeled

BM MSC. Thus, a progressive increase in the number of cells on the bone extracellular scaffold
was observed for 8 days, during which time cell growth was performed (Figure 10).

Figure 10. Recellularization of avascular bone ECM. BM MSC, PKH26 and Calcein
staining. (A) MB MSC cells on day 2, PKH26 staining. (B) MB MSC cells on day 4, PKH26
staining. (C) MB MSC cells at day 6, PKH26 staining. (D) MB MSC cells at day 8, PKH26
staining. (E) MB MSC cells on day 8, Calcein staining. Scale. A, B, C, D, E: 100 pum;

The biocompatibility of vascularized bone ECM was tested by seeding BM MSC labeled
PKH26. The cells were seeded on the external surface of the bone graft, at the level of the
periosteum and inside the vascular pedicle. On day 2, a satisfactorily number of cells was
determined. Towards day 4, a slight decrease in the cell number on the external surface of
vascularized bone ECM was determined, however, the presence of viable cells inside the graft was
determined, even if the cells were not seeded inside. Likewise, on the last day of testing (day 5),
we determined viable cells at the level of the periosteum and on the external surface of the vascular
pedicle (Figure 11).
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Figure 11. Vascularized bone ECM in vitro recellularization. MB MSC-PKH26 cells. (A)
The vascularized bone allograft. (B) BM MSC cells on the outer surface of the graft, day 2. (C)
BM MSC cells on the outer surface of the graft, day 4. (D) BM MSC cells on the outer surface of
the graft, day 5. (E) BM MSC cells on the inside part of the graft, day 5. Scale. B: 500 um; C, D:
200 um; E, F: 100 pm

GENERAL CONCLUSIONS

1. The proximal third of the tibial bone is a promising source for the development of vascularized
composite bone allografts. These grafts can serve as a platform for studying the processes of
obtaining the vascularized and decellularized bone extracellular matrix.

2. The optimal method of decellularization of the bone graft while preserving the vascularization
source can be a protocol based on SDS detergent with a concentration of 0.5% and an
enzymatic solution (DNase). This protocol allows the obtaining of vascularized bone
extracellular matrices, preserving the integrity of the vascular pedicle.

3. The use of qualitative methods (H&E, DAPI, SEM) and quantitative methods (DNA
quantification) is mandatory for testing the efficacy of the decellularization method of
vascularized composite bone grafts. Only the overall interpretation of the results obtained can
predict the in vivo biocompatibility of the allograft.

4. The use of HUVEC cells and bone marrow stem cells is a valuable source of cells for in vitro
testing of the recellularization potential of the vascular and bone extracellular matrix.
Achieving in vitro recellularization of vascularized bone extracellular matrix may suggest a
low immunogenic potential and a high degree of allograft biocompatibility.

PRACTICAL RECOMMENDATIONS

Recommendations that may be useful for future preclinical studies are:

1. Using the proximal third of the tibia as a safe material for in vitro testing of methods of
obtaining vascularized bone extracellular matrices decellularization;

2. To use the enzyme solution in the decellularization protocol as a mendatory step for the
efficient removal of DNA,

3. To use preconditioning methods of the decellularized extracellular matrix to emphasize its

basic properties and support cell viability, adhesion and multiplication;
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To test in vivo the biocompatibility and degree of immunogenicity of vascularized bone
allograft obtained by decellularization;

To assess the degree of integration in vivo by evaluating the remodeling process of the
decellularized vascularized bone allograft and testing its mechanical strength after
transplantation using functional and imaging tests.
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ANNOTATION

Stoian Alina ,,Preparation of vascularized bone allografts — experimental study”. The thesis
for the degree of PhD in medical sciences, Chisinau, 2024.

Thesis structure: the thesis is presented over 143 pages and includes: table of contents, list of
abbreviations, 13 tables, 45 figures, introduction, 4 chapters, general conclusions, and practical
recommendations. The work concludes with a reference list composed of 257 titles, 2 appendices,
the author’s CV, and a declaration of responsibility. The results of the study have been published
in 18 scientific papers.

Keywords: bone allograft, composite allograft, vascularized allograft, decellularization, tissue
engineering, extracellular matrix, recellularization, biocompatibility.

Study Objective: to develop a universal decellularization protocol for tissues with varying degrees
of mineralization for the purpose of obtaining vascularized composite bone grafts with minimal
immunogenic qualities.

Study objectives: (1) To develop a surgical technique for obtaining vascularized bone grafts from
tibial bone in laboratory animals; (2) To establish a decellularization protocol for bone grafts (tibial
bone) while preserving the vascularization pedicle; (3) To test the effectiveness of the bone graft
decellularization method using qualitative (H&E, DAPI, SEM) and quantitative (DNA
quantification) techniques; (4) To test the biocompatibility of vascularized extracellular bone
matrix through in vitro recellularization using different cell types.

Scientific novelty and originality: a universal decellularization protocol for composite bone
grafts (hard tissue + soft tissue) was developed and tested. In vitro recellularization of vascular
extracellular matrix, avascular bone extracellular matrix, and vascularized extracellular bone
matrix was achieved using various cell types.
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Scientific problem addressed in the thesis: the most important aspects of decellularization of
soft and hard tissues were determined and characterized based on the same decellularization
protocol. Subsequent in vitro recellularization of the obtained extracellular matrices was
successfully achieved.

Theoretical significance of the thesis: drawing up a universal decellularization protocol for
composite bone grafts, and the results collected following this study can be a useful scientific basis
for subsequent in vivo studies.

Applicative value of the thesis: this study represents an important step in supporting future
preclinical in vivo studies aimed at developing a new surgical method for treating massive bone
defects of various origins in the locomotor system, through the use of vascularized decellularized
bone allografts obtained via tissue engineering.

Implementation of scientific results: the results obtained have been used in another experimental
in vivo study titled ,, Treatment of large bone defects using a decellularized vascularized bone
allograft incorporated into the recipient's vascular circuit”. Thus, we anticipate implementing a
new decellularization protocol for vascularized composite bone grafts within the Tissue
Engineering and Cell Cultures Laboratory at SUMF ,,Nicolae Testemitanu”.

ADNOTARE
Stoian Alina ,,Prepararea alogrefelor osoase pe pedicul vascular — studiu experimental”.

Teza pentru obtinerea titlului de doctor in stiinte medicale, Chisinau, 2024.

Structura tezei: lucrarea este expusa pe 143 pagini si include: cuprins, lista abrevierilor, 13 tabele,
45 de figuri, introducere, 4 capitole, concluzii generale si recomandari practice. Lucrarea se
finiseaza cu lista de referinte alcatuitd din 257 titluri, 2 anexe, CV-ul autorului si declaratia
autorului privind asumarea raspunderii. Rezultatele studiului au fost publicate in 18 lucrari
stiintifice.

Cuvintele-cheie: alogrefa osoasa, alogrefa compozita, alogrefa vascularizata, decelularizare,
inginerie tisulard, matrice extracelulara, recelularizare, biocompatibilitate.

Scopul studiului: Elaborarea protocolului universal de decelularizare a tesuturilor cu divers grad
de mineralizare in scopul obtinerii grefelor osoase compozite vascularizate cu calitdfi imunogene
minime.

Obiectivele studiului: (1) Elaborarea eseului chirurgical pentru obtinerea grefei osoase
vascularizate a osului tibial la animale de laborator; (2) Elaborarea protocolului de decelularizare
a grefelor osoase (os tibial) cu pastrarea sursei de vascularizare; (3) Testarea eficacitatii metodei
de decelularizare a grefelor osoase prin metode calitative (H&E, DAPI, SEM) si cantitative
vascularizate prin recelularizarea in vitro utilizand diferite tipuri de celule.

Noutatea si originalitatea stiintifica: am elaborat si testat un protocol universal de decelularizare
pentru grefele osoase compozite (tesut dur + tesut moale). S-a obtinut recelularizare in vitro a
MEC vasculare, MEC osoase avasculare si a MEC osoase vascularizate utilizand diferite tipuri de
celule.

Problema stiintifica rezolvata in teza: am determinat si caracterizat cele mai importante aspecte
ale decelularizarii tesuturilor moi si dure pe baza aceluiasi protocol de decelularizare. Am reusint
ulteriora recelularizarea in vitro a matricelor extracelulare obtinute.

Semnificatia teoretici: am elaborat un protocol universal de decelularizare pentru grefele osoase
compozite (tesut moale + tesut dur), iar rezultatele colectate in urma acetui studiu pot servi o baza
stiintifica utila pentru ulterioarele studii in vivo.
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Valoarea aplicativa a lucrarii: studiul dat reprezintd un pas important in sustinerea viitoarelor
studii preclinice in vivo pentru elaborarea unei noi metode chirurgicale in tratamentul defectelor
osoase masive de diferitd geneza la nivelul aparatului locomotor, prin utilizarea alogrefelor osoase
decelularizate vascularizate obtinute prin inginerie tisulara.

Implementarea rezultatelor stiintifice: rezultatele obtinute au fost utilizate in cadrul altui studiu
experimental in vivo — ,Plastia defectelor osoase vaste prin allogrefaj osos vascularizat
decelularizat inclus in circuitul vascular adoptiv”. Astfel, preconizam implementarea in cadrul
Laboratorului de Inginerie tisulara si culturi celulare a USMF , Nicolae Testemitanu”, a unui nou
protocol de decelularizare pentru grefele osoase compozite vascularizate.

AHHOTALIUA

CrosH Anuna ,, IIpuroroB/jieHre KOCTHBIX AJUIOTPAHCIJIAHTATOB HA COCYMCTOM NeJUKYJIe —
IKCIIePUMeHTAIbHOe HccaeaoBanue”. Jluccepralyss Ha COMCKaHME CTENEHU KaHAuaTa
MeIMIUHCKUX Hayk, Kummnes, 2024.

CrpykTypa aumccepramum: auccepTalus IpejacTaBieHa Ha 143 crpaHuIlaXx M BKIIIOYAET:
coJiepaHue, CIIMCOK COKpalieHui, 13 tadmaui, 45 pUCyHKOB, BBEJIEHUE, 4 TTIaBbI, 00IIIHE BHIBOIBI
U NIpaKTUYECKUe peKoMeHaanuu. Jluccepranysi 3aBepiiaeTcsi ClUCKOM JIMTEPaTyphl, COCTOSIIUM
u3 257 HaMMEHOBaHUH, 2 NPUIIOKEHUSMH, PEIOME aBTOPA M 3asBJICHUEM aBTOPA O NPUHATUH
OTBETCTBEHHOCTHU. Pe3ybTaThl ncciieoBaHus ObLIM OMyOJIMKOBaHbI B 18 Hay4yHbBIX paboTax.
KiroueBble cJji0Ba: KOCTHBIM  @JUIOTPAHCILIAHTAT, KOMIIO3UTHBIM  aJUIOTPAHCIUIAHTAT,
BaCKyJSIPU30BAHHBIN AJUIOTPAHCIUIAHTAT, ACKJIETKAlVsl, TKAaHEBAs WHXKCHEPHUs, BHEKICTOYHBIN
MaTPHUKC, peKJIeTKalUs1, 0MOCOBMECTUMOCTb.

Hesasb nccaegoBanusi: Pa3paboTka YHUBEPCAIBHOTO MPOTOKOJIA JEUEIUTIONIAPU3AlMU TKaHel ¢
pa3IMYHON CTENEHBI0 MUHEPAIN3ALMH C LENbIO MTOJIYYEHHs BaCKYJISIPU30BaHHBIX KOMIIO3UTHBIX
KOCTHBIX TPAHCIUIAHTATOB ¢ MUHUMaJIbHBIMH UMMYHOT€HHBIMH KaueCTBaMHU.

3agaunm  wmccaenoBanusi: (1) PaszpaGoTka XHpyprudeckod TEXHMKH JUId MOJYYEeHHUs
BaCKyJIIPU30BaHHBIX KOCTHBIX TPAHCIUIAHTATOB M3 THUOMAIbHOM KOCTH Yy J1a0OpaTOpHBIX
KHUBOTHBIX; (2) VYcTaHOBJIEHHE NPOTOKOJIA JELEUTIOISAPU3alUN KOCTHBIX TPAHCIIAaHTAaTOB
(TOManIbHAsA KOCTh) C COXpaHEHHEM MCTOUHUKA BacKyisipusaui; (3) IIposepka s dexkTuBHOCTH
MeTOoJa ACLEUTIONISIPU3allid KOCTHBIX TPAHCIIJIAHTATOB C HCIOJIb30BAHWEM KAayeCTBEHHBIX U
KOJIMUECTBEHHBIX MeTO10B; (4) Onpenenenne 6MOCOBMECTUMOCTH BHEKJIETOUHBIX MaTPUIl KOCTEN
C BaCKyJIsIpU3allMel yepe3 peKIeTKAIMIO IN VItro ¢ MCIoJIb30BaHUEM PA3IHYHBIX THIIOB KJIETOK.
Hayuynasi HOBHM3HA M OPHIHHAJIBHOCTb: Pa3pabOTaH M MPOTECTUPOBAH YHUBEPCAIbHBIN
MIPOTOKOJI JEHEUTIOISIPU3alluU i1l KOMIO3UTHBIX KOCTHBIX TPaHCIUIAHTATOB (TBepAas TKaHb +
MSITKasi TKaHb). JIOCTHrHYTa peresuTonspu3anys in Vitro cocyucToro BHEKJIETOYHOTO MaTPHKCa,
aBascular KOCTHBIX MaTpUIl U BAaCKyJSIPU30BAaHHBIX KOCTHBIX MAaTpHIl C HCIOJIb30BaHUEM
pa3IMYHbIX TUIIOB KJIETOK.

Hayunas npo0.ema, pemieHHasi B AuccepTanMu: ONpesesieHbl U 0XapaKkTepu30BaHbl Hanbosee
Ba)KHBIE ACTIEKTHI JELEUTIONIAPU3ALMN MIATKUX M TBEPJAbIX TKaHEH Ha OCHOBE OJHOTO U TOT'O K€
MPOTOKOJIA JEHEIUTFIIAPU3aIK. Y CIICITHO OCYIIECTRICHA MOCICSIYIONIas PeeILTFIIIpU3aIus in
Vitro moJy4eHHbIX BHEKJIETOUHBIX MAaTPHII.

Teopernueckasi 3HAYUMOCTB: Pa3padOTaH YHUBEPCATbHBIN MPOTOKOJI IEIEIUTIONIApU3aALAN [T
KOMITO3UTHBIX KOCTHBIX UIOTPAHCIIAHTATOB (MATKas TKaHb + TBepJas TKaHb), a COOpaHHBIE
pe3yJbTaThl JAHHOTO UCCIIEAOBAHUS MOTYT CIIY>KUTh MOJIE3HONW HAyYHONH OCHOBOM JUIs OyIyIIux
in ViVO uccie0BaHu.

IIpukiaagHasi HeHHOCTh PadoOThI: JaHHOE MCCIEIOBAHKE MPEACTABISAET CO00 BaKHBIN IIar B
NOJJIEPKKE OYyAyIIMX JOKIMHHUYECKHX HCCIENOBaHUM (N VIVO i pa3paboOTKHM HOBOTO

24



XUPYPIrUiIeCKOro Meroaa JICUCHUA MAaCCUBHBIX KOCTHBIX I[e(i)eI(TOB Pa3IUIHOTO MPOUCXOKICHHUA
B OIIOPHO-ABUTAaTCIIbHOM alllapaTre ¢ UCIO0JIb30BAHUCM BACKYJIAPU30BAHHBIX ACUCIIIIOJIApU3alUA
KOCTHBIX aJUIOTPAHCINNIAHTATOB, IOJTYYCHHBIX C IIOMOIIBIO TKaHEBOU HWHKCHCPUH.

BHenpenne HAyYHBIX Pe3yJbTATOB: ITOJIyYCHHBIC PE3yJIbTATHI Y)KE UCIIOIB30BaHbI B IPYyroM in
VIVO uccnenoBanuu — ,,Ilnmactuka OOMIMPHBIX KOCTHBIX JE(PEKTOB ICUEIUTIONSPU3UPOBAHHBIM
BACKYJIIPU3UPOBAHHBIM  KOCTHBIM  a/UIOTPAHCIUIAHTATOM, BKJIIOYEHHBIM B  aJONTUBHBIN
KpOBOTOK”. Takum 00pa3oM, IUIAaHUPYHUIA BHEIPEHHE HOBOI'O IPOTOKOJIA JELEIUTIONAPU3ALUN
BaCKyJISIpPU3UPOBAHHBIX KOMIIO3UTHBIX KOCTHBIX UIOTPAaHCIIAHTaTOB B pamkax Jlaboparopuu
TKaHEBOM MHXXCHEPUM W KIETOYHBIX KyJbTyp l'ocymapcTBeHHOro MeEIUIHMHCKOTO H
®dapmaneBTuyeckoro YHusepcurera uM. Hukomae Tectemunany.
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