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CONCEPTUAL PROBLEMS IN THE RESEARCH
Actuality and importance of the studied topic.

Cardiovascular diseases (CVDs) remain one of the most prevalent healthcare problems
worldwide. The latest statistics in the field predict that due to the ageing of the population the
annual incidence of cardiovascular disease-related mortalities will rise from 16.7 million in
2002 to 23.3 million in 2030 [1, 2, 3, 4, 5].

Available treatment options for these pathologies are variable and can be divided into
the following groups: lifestyle modification, medication, and revascularization techniques,
open or endovascular ones [3, 6]. Despite the benefits of both behavioral (dietary and lifestyle
modifications, rehabilitation, as active counseling, and tailored exercise) and drug therapies
(medications ensure regulation of the cholesterol level, amelioration of vasoconstriction, and
optimal control of blood pressure), they are not always lifesaving. In some cases, the best
medical treatment may fail, and alternative revascularization methods may be necessary to
achieve positive outcomes. The established guidelines for the field recommend open bypass
surgery in patients with persistent symptoms. The procedure supposes replacement of
diseased blood vessels with a suitable biomaterial, the process called vascular grafting. In this
way a new pathway for blood flow is created, and the functional blood supply is restored [7,
8].

Currently, the following types of conduits for vascular replacement are available:
autografts, allografts, xenografts, and artificial prostheses. Autologous vascular tissue
remains the standard for small-diameter arterial bypass. For patients who lack this tissue, the
currently available prosthetic alternatives are most frequently used in clinical practice;
however, the outcomes are less than satisfactory [9].

Limitations in utilizing autogenous vessels, such as the internal mammary artery, the
greater saphenous vein or radial artery are related to low availability, most vessels being
affected by diffuse atherosclerotic abnormalities, previous phlebitis, vessel removal,
varicosities, hypoplasia, or are anatomically unsuitable; only few vessels remain indeed
suitable for this therapeutic purpose. Synthetic conduits such as Dacron or
Polytetrafluoroethylene (PTFE) are prone to thrombosis and neointimal hyperplasia,
especially when applied in low flow high pressure position. Unsatisfactory clinical outcomes
due to aneurismal degradation, infection or early thrombosis are also recorded when using
xenogeneic or allogeneic tissues [7, 10, 11, 12].

Although a variety of materials used in vascular reconstruction are available, an “ideal”
graft remains an unmet practical need and is not accessible “off-the-shelf”. In addition, there
is an acute need for new approaches to small-diameter blood vessel substitution (<6,0 mm)
[10]. Because of lack of adequate substitute, the development of alternative biomaterials for
vascular grafting was initiated [7, 10, 11, 12].

Tissue engineering can overcome the limitations of the currently available vessel
substitutes through the generation of biologically based functional vessels which could more
closely replicate the physiological tissue, optimize tissue-biomaterial interaction and
matching the properties of native vasculature, promote cell growth, facilitate extracellular
matrix (ECM) production, and inhibit thrombogenicity. Convenient strategies to create
vascular grafts involve seeding biocompatible, compliant scaffolds with live vascular cells.
One of the approaches developed in this field refers to utilization of decellularization (DC)
technique which allows to generate functional platforms [10, 13, 14, 15, 16].

Decellularization assumes removing cells and associated antigens from the scaffold
while preserving the entire ECM, including the vascular architecture. Important advantage of



this technique consists in keeping the integrity of the vascular channel that makes it suitable
for cellular repopulation (recellularization) [14]. So, the obtained 3D-natural platform
contains the necessary cues for providing cell migration and proliferation. The main
advantage of the use of decellularized scaffolds consists in avoiding any adverse
immunological reactions due to loss of the major histocompatibility complex (MHC) [17, 18].

The DC process can be performed through physical, chemical, and enzymatic agents.
While choosing the appropriate protocol, it is necessary to take into consideration it can alter
the properties of the ECM, and thus can have a negative impact for in vivo stability. On the
other hand, high amounts of remaining DNA may cause inflammatory reactions and hence
poor graft functionality. To ensure the successful outcome of tissue engineering based
therapies it is essential to strike the balance between complete removal of cells and preserving
integrity of the ECM [7, 19, 20, 21].

Till now successful decellularization protocols for different tissue types/organs have
already been described. Despite the enormous effort, complete DC has not yet been achieved
for all tissues. For instance, decellularization of thick tissue, as blood vessel walls, is still
challenging and varying [22, 23]. In addition, most published procedures are based on
incubating tissues with chemical or enzymatic solutions with further evaluation of the effects
of varying treatment times and intermittent washing steps on the DC efficiency [18]. There
are a few data on the feasibility and efficacy of physical methods, such as osmotic treatment,
agitating, perfusion, pressure, sonication, electroporation, or freeze-thaw in vascular tissue
decellularization [18, 24].

The way of chemicals’ administration (static conditions, agitation, shaking or perfusion)
has a major impact on the characteristics of various materials and surfaces. Modifying the
method may have a significant impact on the efficacy of cell removal as well as the
preservationsof the functional properties of the obtained decellularized tissue (ECM integrity,
stiffness, and compliance). Understanding these effects is crucial to accurately assess and
measure the influence of different DC agents on DC outcomes [2, 18, 25].

The aim of the study.
To develop new methods for decellularization of large-diameter and small-diameter blood
vessels.
Research objectives.
1. To evaluate the efficiency of sonication-assisted methods for decellularization of
porcine carotid artery;
2. To test the effect of acoustic amplitude on the vascular matrix;
3. To evaluate the effectiveness of chemical (SDS, SDC, Triton X-100, hypotonic
solution) and enzymatic (DNase-I) treatment in vascular tissue decellularization;
4. To evaluate whether the decellularization protocol efficiency depends on the vessel
diameter;
5. To check the informativeness of qualitative methods (histological stains — H&E and
DAPI) for confirmation of the decellularization process;
6. To do morphological, biochemical, and biomechanical characterization of treated
blood vessels;
7. To assess the biocompatibility of acellular scaffold by performing in vitro contact test;
8. To determine the efficiency of perfusion decellularization for uniform cells’
elimination from long segments of blood vessels.
Methodology of the scientific research.
By reviewing the publications of the international researchers in the field, the



methodological support of this study was elaborated. For realization of the proposed goal and
objectives an experimental study was conducted. Porcine arteries were chosen as base
material for our research. Available arterial fragments (porcine aorta and porcine carotid
artery) were obtained and divided into experimental groups, including control (non-treated
sample). Based on successful results in utilization of SDS-SDC solution to perform
decellularization of different tissues, this chemical cocktail was selected for our experiment.
So, the samples were processed with detergents with/without enzymatic treatment to remove
cells and cellular debris (it is supposed insufficient removal of the antigens most likely can
initiate sensitization reaction). The efficiency of another detergent, namely Triton X-100, was
also tested. In addition, the effects of different forms of dynamic exposure of tissue to
chemicala were studied (rotation, perfusion, and ultrasound) to determine their impact on
uniformity of cells elimination and improvement of cellular membranes breaking down.

The decellularized grafts were analyzed with basic histological stains
(Hematoxylin-Eosin, H&E), fluorescent DAPI nuclear staining (4',6-diamidino-2-
phenylindole), immunostaining against collagen type IV, and mechanical probe (suture
retention strength). Also, quantitative evaluation of the remnant DNA, GAGs,
Hydroxyproline, wall thickness measurement, cytotoxicity assay and SEM characterization
were performed.

Statistical analysis was performed using SPSS version 16.0 software program. Where
applicable, the data was reported as mean+SD. As a non-DC control, untreated blood vessels
(frozen directly after harvesting and fresh not treated samples) were used. Gaussian normal
distribution was tested by normality plots (Shapirko-Wilk test); and homogeneity of variance
was checked by Levene’s test. Differences between the groups were detected by performing
independent t-test for normally distributed homogeneous values and Welch’s test for normally
distributed non-homogeneous values. Mann-Whitney U test was applied for non-parametric
dataor parametric data which do not meet normal distribution. Differences were considered
significant at p-value lower than 0.05.

The ethical committee of Nicolae Testemitanu State University of Medicine and
Pharmacy of the Republic of Moldova approved the research design (Decision no. 31 from
26.12.2017). The tests were realized at Laboratory of Tissue Engineering and Cell Cultures,
Chisinau, Republic of Moldova, and Leibniz Forschungslaboratorien fiir Biotechnologie und
kiinstliche Organe (LEBAO), Medizinische Hochschule Hannover (MHH), Hanover,
Germany.

Novelty and scientific originality of the obtained results.

The solved scientific problem consists in identifying the factors associated with efficient
cells’ removal and establishing a novel procedure for blood vessels decellularization with
optimal characterization of acellular scaffold’s structure, a fact that will allow the
modification of the experimental paradigm through the scientifically reasoned selection of the
optimal experimental conditions.

Conducting the experimental study with comparison and multilateral characterization of
DC efficiency of different decellularization approaches in term of cells’ elimination and
matrix strength preservation contributed to the completion of some gaps in the current
scientific literature. The results of the conducted research demonstrated there is important
variability of the techniques used for blood vessels decellularization and the quality of final
matrix. Analysis of interrelationships between blood vessels diameter and successful cells’
removal demonstrated the necessity to have differential experimental approaches depending
on the vessel’s size.



Theoretic importance and main scientific results.

1. Currently, the researchers’ decisions on the decellularization approach for vascular
tissue, as well as the selection of the testing model and examining methods for acellular
scaffold characterization are not standardized and are influenced by the personal
experience and preferences;

2. Wall thickness is an important parameter influencing the decellularization efficiency.
In this way, large-diameter blood vessels vs small-diameter blood vessel have to be
treated differently;

3. Even strong ionic detergents, as SDS or SDC, are not completely efficient for
production the cell-free tissue. The elimination of sticky fragments of DNA from the
matrix requires additional enzymatic treatment (DNase processing);

4. Multiple washing steps seem to be optimal practical method for removing SDS
detergent from decellularized matrix;

5. The necessity to perform multiple tests, both qualitative (histological stains) and
quantitative (quantification the DNA remnants), to confirm complete and proper
elimination of cellular elements from the tissue is demonstrated. In addition, the dual
approach is mandatory for evaluation of the matrix preservation;

6. Safety assessment by performing in vitro biocompatibility tests is indispensable before
in vivo evaluation (animal experiments);

7. Sonication does not directly improve the cells’ elimination. It can even significantly
affect the matrix integrity when high amplitude waves are applied.

The applicative value of the research.

Based on the study’s results the decellularization efficiency of different chemicals was
specified; in addition, the indispensability of the enzymatic treatment in combination with
strong detergents for accelular vascular scaffolds production was demonstrated. The data
obtained during the research scientifically argue for the modification of the current research
strategy through the preferential use of carotid artery vs aorta as testing model for
development of small-diameter tissue-engineered vascular grafts taking into consideration the
existing differences in experimental conditions for successful efficient cells elimination
depending on the wall thickness. The identification of favourable outcomes associated with
the use of non-ionic detergents and repeated washing cycles for efficient ionic detergents
remnants removal is important in development on biocompatible matrices. The failed attempt
to use the ultrasound for vascular tissue DC defines the necessity to perform additional studies
regarding the mechanism of ultrasound-induced cellular destruction.

Implementation of the research results.

The practical impact of the present study consists in implementation of a novel technique of
blood vessels decellularization in the Laboratory of Tissue Engineering and Cell Cultures, Nicolae
Testemitanu State University of Medicine and Pharmacy of the Republic of Moldova. In addition,
the obtained results (available decellularization procedures for vascular tissue, methods for
evaluation of morphological, biomechanical, and biochemical integrity of the decellularized tissue,
biocompatibility assay) have been presented to medical students within the classes at the
Department of Anatomy and Clinical Anatomy and the optional learning course in Regenerative
Medicine.

Approval of scientific results.

The obtained results were discussed and presented within the following scientific
forums: MedEspera 2018, 7" International Medical Congress for Students and Young Doctors
(Chisinau, 2018), International molecular medicine symposium (Istanbul, Turkey, 2019 —
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Best Poster Presentation AWARD in Third Place), the 4" International Conference on
Nanotechnologies and Biomedical Engineering (Chisinau, 2019), Timisoara Anatomical Days
(Timisoara, Romania, 2019), MedEspera 2020: 8" International Medical Congress for
Students and Young Doctors (online edition, 2020 — DIPLOMA I** Place Award

Certification), Congresul Consacrat aniversarii a 75-a de la fondarea USMF ,, Nicolae
Testemitanu” (online edition, 2020), Conferinta Nationald de Chirurgie (online edition,
Romania, 2021), Conferinta Stiintifica Anuala. Cercetarea in biomedicina si sandtate:
calitate, excelenta si performantd (online edition, 2021), the 5™ International Conference on
Nanotechnologies and Biomedical Engineering (online edition, 2021), MedEspera 2022: 9
International Medical Congress for Students and Young Doctors, MedEspera (Chisinau, 2022
— DIPLOMA T Place Award Certification), Conferinta Stiintifica Anuald. Cercetarea in
biomedicina si sanatate: calitate, excelenta si performanta (Chisinau, 2022), Conferinta
Nationald de Chirurgie (Eforie Nord, Romania, 2023), 6" International Conference on
Nanotechnologies and Biomedical Engineering (Chisinau, 2023 — Certificate of achievement
1** place in YOUNG INVESTIGATORS COMPETITION); salons of research, innovation
and inventiveness: EUROINVENT 15" European Exhibition Of Creativity And Innovation (Iasi,
Romania, 2023 — golden medal and two trophies: Innovation Award for promoting Science,
Education and technology at Eurolnvent 2023 and Special Award for the Invention from Titu
Maiorescu University of Bucharest), 2" edition of the International Exhibition of Innovation and
Technology Transfer EXCELLENT IDEA-2023 (Chisinau, 2023 — golden medal), and public
lectures: ,,Ingineria tisulara si medicina regenerativa: provocari §i realizari” (Ziua
Internationala a Stiintei, 09 November 2019, Chisinau), ,, Grefele vasculare decelularizate
obtinute prin inginerie tisulara vor fi un standard de tratament in viitor?” (Expozitia
MoldMedizin & MoldDent, 11-13 September 2019, Chisinau).

Publications on the research topic.

20 scientific papers were published on the research topic, including: articles in
Conference Proceedings indexed in SCOPUS — 3, articles in journals from abroad — 1, articles
in journals from the National Register of specialized journals — 5, materials / theses at
international conferences — 4, materials / theses at international conferences organized in the
Republic of Moldova — 3, materials / theses at conferences (national conferences) — 4. Number
of publications without co-authors — 2. During the research period 1 innovator's certificate, 1
implementation act, 2 gold medals, 2 special trophies in the Invention Salons, and 4 awarded
places at international conferences were obtained.

The thesis structure.

The thesis includes annotations in Romanian, Russian and English, list of abbreviations,
introduction part (reflects the actuality and scientific-practical importance of the problem
addressed in the thesis, the purpose, the objectives, the scientific novelty, the theoretical
importance, and the applied value of the research, the approval of the study results), 4 chapters
(Literature review, Materials and Methods, Results, Discussions) with general conclusions,
practical recommendations, and study limitations. The paper is followed by the list of
bibliographic references with 287 sources, author’s disclaimer, and author's CV.

Keywords: cardiovascular diseases, peripheral arterial disease, bypass surgery,
vascular graft, tissue engineering, tissue engineered vascular graft, decellularization,
detergent, enzymatic treatment, sonication.



THESIS CONTENT
1. TISSUE ENGINEERING IS THE FUTURE OF VASCULAR REPLACEMENT
represents a brief review of the various therapeutic option that have been reported in the
literature till now for cardiovascular diseases and actual methods used for the development of
optimal vascular grafts. The current state-of-the-art practiced to create vascular substitutes by
method of decellularization was identified.

CVDs remain one of the most prevalent healthcare problems worldwide; in addition,
the number of patients who are suffering from CVD is growing; particularly, the pathologies
affecting small and medium sized blood vessels are the primary cause of death [1]. In 2008,
17,3 million people died from cardiovascular related reasons; specifically, 7,3 million were
due to coronary heart disease [4, 9]. The latest statistics in the field predict that due to the
ageing of the population the annual incidence of cardiovascular disease-related mortalities
will rise from 16.7 million in 2002 to 23.3 million in 2030 [2].

Conventional treatments for CVDs commonly involve dietary and lifestyle
modifications, rehabilitation, pharmaceutical administration, and surgical options [11, 25, 26-
27]. The “gold standard” for the replacement/repair of diseased blood vessels in patients with
persistent symptoms is vascular substitution (bypass surgery) [7, 8]. Currently, the following
types of conduits for vascular replacement are available: autografts, allografts, xenografts,
and artificial prostheses [9]. Autologous vessels, such as the internal mammary artery, the
greater saphenous vein or radial artery, are the best choice in case of small-caliber vascular
reconstructions, where the synthetic grafts have unacceptable high failure rates [28].
However, multiple surgical procedures, diffuse atherosclerotic abnormalities, previous
phlebitis, varicosities, hypoplasia, or anatomical unsuitability limit their availability [7, 10,
11, 12].

Taking into consideration a considerable number of cardiac patients and lack of
appropriate vascular grafts, tissue engineering has become an alternative approach for
creating new functional conduits, true blood vessels, which may promote vascular cell
adhesion, proliferation, and differentiation, facilitate ECM production, respond to endogenous
vasoactive compounds, and inhibit thrombogenicity [27-29]. The innovative material could
potentially revolutionize vascular grafts and reduce the risk of vascular graft failure [28, 29].

Decellularization of native vascular or non-vascular tissues for vascular grafts
development has gained significant attention in the past 20 years [30]. Decellularization is a
complex process that requires careful consideration to create an ECM-rich, non-immunogenic
vascular scaffold capable of initiating vascular regeneration [27, 31]. To ensure the successful
outcome of tissue engineering based therapies it is essential to strike the balance between
complete removal of cells and preserving integrity of the ECM [7, 19, 20, 21].

DC can be realized by different agents (chemical, biological, physical) allowing to
induce the rupture of cellular membranes leading to production of vascular analogs
comparable to native structures [21, 24, 27, 28]. There is no universal method for successful
DC, as each tissue type must be considered individually to ensure optimal results. Depending
on the type of target tissue, and its intended application, protocols must be carefully
established to ensure safety and efficacy [22].

2. MATERIALS AND METHODS OF THE RESEARCH

This chapter describes all the materials and methods which were used during
experimental phase, inclusive the methods used for morphological, biochemical, and
biomechanical characterization of untreated and decellularized blood vessels. All the tests
were conducted at Laboratory of Tissue Engineering and Cell Cultures, Nicolae Testemitanu



State University of Medicine and Pharmacy of the Republic of Moldova, Chisinau, and
Leibniz Forschungslaboratorien fiir Biotechnologie und kiinstliche Organe (LEBAO),
Medizinische Hochschule Hannover (MHH), Hanover, Germany under the local experts’
evaluation and monitoring.

Porcine vessels were collected from Landrace Pigs (3-4 months old) in a local
slaughterhouse and the animal facility of the Medizinische Hochschule Hannover (MHH).
The animal care complied with the Guide for the Care and Use of Laboratory Animals. The
vessels were harvested in max 2 hours after killing of the pigs and immediately transported to
the laboratory in PBS at 4°C. To avoid bias based on individual variability, only specimens
(three biological replicates) long enough to be cut into controls and experimental groups were
used. Vessels were cleaned from fat and adjacent tissue using forceps and scissors and
carefully washed to remove blood clots.

Vessels were stored at -80°C; for adequately preservation of dimensional and
mechanical properties aorta were stored in DMSO. Freshly harvested carotid arteries were
used as native controls for SEM analyses, freeze-thawed arteries were used as controls for all
other experiments.

Chemical-Based vs Combined Approach in Aorta Decellularization

A chemical decellularization method based on the use of two ionic detergents, as SDS
and SDC, and non-ionic one, Triton X-100, and combined approach based on additional
treatment of the samples with DNase-I were adapted to decellularize porcine vessels, namely,
porcine aorta.

Chemical-Based Decellularization Technique

Decellularization was performed following an initial freeze-thaw step (as mentioned
above). The vessels were flushed with deionized water for 24 h at room temperature under
continuous rotation to induce cell lysis via osmotic shock. Next, samples were treated with
decellularization solution containing 0.5% SDS and 0.5% SDC (w/v) in hypotonic buffer
(10mMTris-HCI pH 7.5, 10mM NaCl, and 10 mM EDTA) for 24 hours. At the end of the
process, the vessels were washed with PBS for 24 hours to remove cell debris and residual
detergent and additionally treated with 1% Triton X-100 (v/v) in hypotonic buffer for 24 hours.
Finally, vessels were flushed with PBS for 48 hours.

Each decellularization step was carried out under rotation using rotating rollers
(TRM50) with 35 revolutions per minute.

Combined (Detergent-Enzymatic) Decellularization Approach

At the end of decellularization process, several vessel segments (I cm long) were
additionally incubated with DNase solution of 300 U/mL DNase I (Activity 5279 U/mg) in 1
mM MgCl, in PBS at 37°C for 48 hours. The treated vessel segments were washed 3 times
with PBS.

Evaluation the Decellularization Protocol Efficiency Depending on the Vessel Diameter

The combined detergent-enzymatic decellularization approach was adapted to decellularize
both porcine aorta and porcine carotid artery (porcine arteries were chosen because of their
similarities to the human tissues, and their availability). Four different time durations of
exposure to ionic detergents were applied: 6 hours, 12 hours, 18 hours, 24 hours. After each
respective decellularization time, vessels were flushed with phosphate-buffered saline (PBS)
and washed additionally with 1% Triton X-100 (v/v). Finally, segments were incubated for
48 hours in DNase I solution (300 U/ml).

After each respective decellularization time, 0.5-1 cm long pieces of each vessel
segment were cut off and fixed 4% paraformaldehyde (PFA) for the tissue stabilization or
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directly frozen in tissue tek O.C.T. compound for fluorescent staining. Remaining vessel
segments were stored at 4°C in PBS.
Decellularization of fresh vs frozen porcine carotid arteries

The freezing-thawing the tissue may influence the decellularization process. The study
examines the efficiency of the described combined protocol in fresh porcine carotid arteries
DC, the resulting data being compared to the homologous data obtained from frozen samples
by performing H&E and DAPI staining.

Evaluation of Ultrasound Application for the Blood Vessels Decellularization

DC of the vascular tissue has been performed by two distinct combined approaches; in
both cases ultrasound was used. For sample processing a direct sonication method (direct
sonicator UP200S Hielscher, Germany and Sonotrode S1 for samples from 0.1 to 5 mL) was
used. Taking into consideration that collapsing bubbles may produce significant thermal loads
emitted in the surrounding liquid [13], the experiments were performed in a cold room (+4°C).
In addition, the samples were placed in an ice bath to prevent tissue over-heating.

Protocol I: For decellularization, the vessels (1 cm long segment, internal diameter 4
mm) were flushed with PBS and submerged in 2.0 mL Eppendorf tubes containing 1.5 mL
hypotonic lysis buffer (0.3% NaCl in distilled water). The samples were exposed to sonication
with a frequency of 24kHz, 200-watt, control mode “1”’ (permanent acoustic irradiation). Two
different amplitude values and two different exposure times for DC were applied: 20% vs
100% and 3 hours vs 12 hours, respectively.

Protocol 2: The samples from this group were placed in a 2.0 mL Eppendorf tubes
containing 1.5 mL 1% Triton X-100 and exposed to sonication with a frequency of 24kHz,
200 watts, amplitude 20%, control mode “1” for 48 hours. Distance of the sample to the tip
of the ultrasound probe was set at 1 cm. As control, samples were treated with the same
solution under continuous rotation (50 rpm speed, Biometra WT 17).

After decellularization, samples were washed with phosphate-buffer saline (PBS).
Vascular segments from each group were fixed in 4% PFA or directly frozen in tissue tek
O.C.T. compound for histological and fluorescent staining. Remaining vessel segments were
stored at 4°C in PBS.

Characterization of Decellularized Porcine Matrices

The decellularized scaffolds were characterized by several different tests, namely:

¥v"  Qualitative evaluation of the remaining DNA or cytoplasmic and nuclear
components through H&E and DAPI staining;

¥v" Morphometric analysis of decellularized tissue by vessel wall thickness
measurement;

v"  Qualitative assessment of the remaining luminal surface through SEM analysis
and collagen IV preservation’s evaluation through immunohistochemistry;

v" Quantitative analysis of the remaining DNA through spectrophotometric
assays;

v" Quantitative analysis of the remaining ECM components (hydroxyproline and

GAGs) through spectrophotometric assays;

v' Estimation of the mechanical integrity of the remaining matrix through performing
the suturability test;

v' Biocompatibility testing through quantification of SDS removal, cell culture
method and fluorescence cell viability assay;

v" Evaluation of the efficiency of perfusion decellularization for long vascular
segments;
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3. QUALITATIVE AND QUANTITATIVE CHARACTERIZATION OF
DECELLULARIZED VASCULAR TISSUE
Chemical-Based vs Combined Approach in Aorta Decellularization
H&E and DAPI staining evidently showed the presence of cells nuclei in the wall layers
of native porcine ascending aorta (control group). H&E staining of decellularized samples
revealed no persisting cells in all groups including the samples treated exclusively with
detergents, and gross preservation of ECM. The DAPI stain of the same specimens, however,
uncovered substantial amounts of residual DNA. Just a 48-hour nuclease treatment led to a
complete DC of aorta specimens all the layers being devoid of nuclei (figure 1).
NATIVE | DETERGENT DC | COMBINED DC

D. E. F.

Figure 1. Combined decellularization approach guarantee efficient cells’ wash and
preservation of the structure of the extracellular matrix. H&E (A, B, C) and DAPI (D,
E, F) showing cross-sections of native (A, D) and decellularized (B, C, E, F) porcine
ascending aorta. H&E: The cytoplasm appears pinky, nucleus is blue-purple, extracellular
matrix have varying degrees of pink. DAPI: Nuclei are blue, white lines represent the
outer borders of the matrix. Scale bar. A, B: 100 um; C 50 um; D, E, F: 200 pm

Evaluation the Decellularization Protocol Efficiency Depending on the Vessel Diameter

Porcine aorta and carotid arteries were treated with detergents and DNase I under
rotation. Even H&E staining revealed no persisting cells in all groups, the DAPI seemed to
be more specific for identification substantial amounts of residual DNA. Thus, a complete DC
of carotid artery resulting in the elimination of nuclei and genome required a 12-hour
exposure to detergents, whereas aorta required a 24-hour treatment (figure 2).

This finding suggests large diameter blood vessels require a more extensive processing
compared to small-diameter blood vessels. In such a way, no common decellularization
protocol can be recommended for both types of blood vessels [33].

Decellularization of Fresh vs Frozen Porcine Carotid Arteries

The cross-sections of the scaffolds, fresh tissue, in this experimental group were
examined by H&E staining and DAPI staining. These qualitative methods provided a visual
representation of the integrity of the remaining matrix and absence of any remaining cellular
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materials.
AORTA CAROTID ARTERY

H&E DAPI H&E DAPI

Native

6h

12h

18h

B
S It Nl O
D.

24h

E. I, e i.
Figure 2. Differences in decellularization efficiency of porcine vessels depending on

vessels diameter [33]. Porcine aorta and porcine carotid artery decellularization: the
blood vessels of different diameter require different approach in terms of effective cells’
elimination. H&E staining (A, B, C, D, E, a, b, ¢, d, €) and DAPI staining (F, G, H, 1, J, f,
g, h, i, j) of native (A, F, a, f) and decellularized (B-E, G-J, b-e, g-j) vessels. Whitelines in
(J, h, 1, j) represent the outer of the matrix.

Evaluation of Ultrasound Application for the Blood Vessels Decellularization
Application of US in blood vessels decellularization did not appear to be an efficient
strategy. Both H&E and DAPI staining revealed the presence of huge amounts of intact cells.
In addition, the tissue structure was significantly affected when high amplitude waves (100%)
were utilized [34] (figure 3).
Ultrasonic waves used in combination with a non-ionic detergent offered the same result
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— lack of DNA reduction and cellular elements elimination. The presence of intact cellular
elements suggested that reagents were not able to solubilize/destroy the membranes and to
induce cell removal (figure 4).
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Figure 3. Ultrasound application in blood vessels decellularization. H&E staining (A, C,

E, G) and DAPI staining (B, D, F, H). Scale bar. A, B, C, D: 200 um
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Figure 4. Combined sonication-based approach in carotid artery decellularization. H&E
staining (A, B, C) and DAPI staining (D, E, F). Scale bar: 100 um

Characterization of Decellularized Porcine Matrices

Decellularized porcine carotid arteries were characterized by different methods to
analyze remaining components after decellularization and their quality, to evaluate
mechanical integrity, and ability to host GFP-HUVECs. Each test has its own limitations and
is focused on different aspects of the vessel structure or composition. Therefore, applying a
variety of evaluation techniques results in a better description of the derived matrix and
understanding of the decellularization process.

Qualitative methods as H&E, DAPI, and immunostaining provide a visual
representation of the integrity of the remaining matrix and any remaining acellular materials.
DNA, GAG, and collagen content were quantified additionally to test for remaining cellular
material and retention of matrix components. Assessment the thickness of the decellularized
tissue allowed to perform the morphometric analysis of the scaffold. Suture retention test was
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conducted to have an impression about the mechanical strength of the remaining vessel. SEM
photos of the luminal surface of decellularized vessels were taken to have an impression
about any damage to the basal lamina. Biocompatibility was tested by seeding GFP-HUVECs
onto opened, decellularized porcine matrices.
Qualitative Methods
Histological Evaluation

Three biological replicates were conducted and analyzed by H&E and DAPI staining
(figure 5) for visualization of decellularization efficiency. The histological inspection
confirmed successful cell removal — no nuclear material was detectable without harming the
architecture of the ECM. As measured on H&E-stained sections statistic significant difference
in arterial wall thickness before (555.94+59.22 um) and after (427.06+37.47 um)
decellularization were detected (p = 0.0001).
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Figure 5. Efficient decellularization of a porcine carotid artery visualized by H&E and
DAPI staining (SAMPLE 1). Native vessel (A, B, C). Decellularized vessel (D, E, F).
Scale bar. A, D: 50 um; B, E: 20 um; C, F: 100 pm

Basement Membrane’s Evaluation by Using Immunohistochemistry

Immunohistochemical approach was relevant to analyze the presence of common
scaffolds’ components. The major element of vascular basement membrane is collagen Type
IV; staining against it using monoclonal antibody was performed to make a qualitative
characterization of remaining membrane architecture and determination of its integrity. A
layer of collagen IV stained in brown-yellow was observed along the luminal surface and within
the vessel wall of both the control and treated arteries (alterations being detected just in some
areas), revealing a relatively good preservation of basement membrane (Figure 6).

This examination of the ECM demonstrated that the applied combined decellularization
protocol did not significantly alter vascular wall morphology; however, additional
quantitative tests are mandatory for better understanding in matrix modifications induced by
decellularization agents.

SEM Analysis Reveals a Preserved Basal Lamina
SEM analysis allowed to perform a more comprehensive analysis of the inner structure
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of obtained matrix, its cellularity, and morphology of the blood vessels. In fact, it was used to
visualize the impact of the decellularization agents on the luminal surface of vascular tissue and
to evaluate the efficiency of debris elimination.

The control displayed a groovy structure, namely, a densely packed surface with
elongated, smooth endothelial cells lining up in the direction of the blood flow. The luminal
surface of decellularized porcine carotid arteries appeared flattened and free of cell-likes
structures after decellularization. The basal lamina of treated samples appeared intact, no
tearing was identified, exposed collagen fibers to various degrees being visible accidentally
in a few areas (figure 7) [35].

Native tissue

Negative control

DC tissue

H. I

Figure 6. Basement membrane’s evaluation by using immunohistochemistry confirmed

preservation the Collagen I'V. Native tissue (A, B, C). Negative control (D, E, F).
Decellularized tissue (G, H, I). Scale bar: 100 pm

Sample 2 Sample 3

~_Sample 1

Figure 7. SEM analysis of the lliminal surface of carotid vessels. Fresh nativé carotid
artery (A). Decellularized carotid artery: SAMPLE 1 (D). SAMPLE 2 (G). SAMPLE 3 (J).
The luminal surface of arteries appeared free of cellular remnants after DC (B-D).
Scale bar. A, B, C, D: 50 um

Perfusion decellularization
Perfusion decellularization method was evaluated also for long vascular segments (6-
cm piece of porcine carotid artery being used as testing model) by application of qualitative
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tests. To analyze if the vessels were decellularized evenly by perfusion, middle and end
segments of the treated specimens were stained with H&E and DAPI. Additionally, the SEM
analysis at decellularized matrices was performed (figure 8).

A consistent and even elimination of intact nuclei over the length of the vessel in the
decellularized samples compared to native vessels was observed. On SEM analysis the
luminal surface appeared free of cellular remnants after decellularization with satisfactory
keeping of basal membrane.
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Figure 8. Perfusion decellularization. The efficiency of decellularization is evaluated by
H&E staining (A-H) and DAPIstaining (I-L) and SEM analysis (M-O). Native vessels (A,
B, I, M). END 1 (B, F, J, N). Middle section (C, G, K). END 2 (D, H, L, O).

Quantitative Methods

DNA quantification confirmed the results from the staining with DAPI and showed
DNA content in decellularized vessels was reduced when combined decellularization protocol
is applied. DNA quantification showed that native vessels contained 23.56+4.73 pug/mg DNA
on average. Decellularization decreased the DNA content to 1.03+0.49 ug/mg on average
(table 1). Decellularization reduced the DNA content to 95.6% compared to native vessel
samples proving the efficiency of the in-house protocol in terms of cell nuclei removal. A
Welch'’s test showed that the treatment groups were significantly different compared to native
vessels (p=0.0001) [36].

Quantification of GAG revealed a decrease in GAG content in all decellularized groups
compared to controls. GAG quantification showed that native vessels contained 13.01+3.56
ug/mg GAG on average. Decellularization decreased the GAG content to 1.30+0.72 ug/mg
on average (table 1). Decellularization decreased the GAG content to 90% compared to native
vessel samples (p=0.00001) [36]. In contrast, higher levels of hydroxyproline were observed
in decellularized groups compared with native samples. Hyp quantification showed that native
vessels contained 54.26+10.68 ug/mg on average. Decellularized vessels had 69.70+7.60
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ng/mg Hyp content on average (table 1). There was 28.5% increase in Hydroxyproline content
compared to native vessel samples (p=0.0744) [36].
Mechanical testing

Mechanical strength of the remaining matrix after decellularization was determined by
measuring the suturability of vessels compared to untreated tissue. Nine vessels from native
group and eight samples (technical replicates) from decellularized were tested. The average
suture retention strength of native porcine vessels (n=9) was 1.08+0.39 N. The average suture
retention strenght of decellularized vessels (n=8) was 1.144+0.38 N (table 1). So, there was no
statistically significant difference between untreated and decellularized samples (p=0.0731).
These fundings suggested the graft scaffold had sufficient suture retention strength to
withstand anastomotic forces [37].

Table 1. Quantitative approach in characterization the decellularized vascular tissue

DNA | GAG | Hyp Suturability
concentration (ug/mg dry tissue) Maximum load (N)

Native DC Native DC Native DC Native DC

tissue tissue tissue tissue tissue tissue tissue tissue

25.93 1.05 14.48 2.69 45.13 65.75 0.7 1.44
; 24.58 0.84 13.35 1.56 51.62 70.24 1.27 1.32
ﬁ 24.81 0.84 13.01 0.44 53.37 71.60 0.94
> 31.15 2.30 14.83 8.21 45.87 52.09
g 30.54 1.40 14.64 0.26 60.67

30.42 1.70 14.39 61.62

26.94 0.80 12.47 0.87 63.29 65.27 0.79 0.92
; 24.41 1.52 10.41 1.39 71.89 69.76 0.93 0.62
ﬁ 24.87 1.08 10.55 1.23 72.68 71.40 0.66 0.80
= 25.71 0.53 13.01 1.53 58.39 76.09
g 23.33 1.02 13.36 65.17 82.94

23.22 1.11 13.72 67.49 80.36

17.37 0.60 10.22 1.78 41.81 70.35 1.74 1.16
8 15.75 1.01 10.48 1.03 46.67 69.14 1.61 1.82
ﬁ 16.50 0.98 10.50 0.62 48.05 77.20 1.04 1.05
> 20.28 0.38 11.99 2.19 41.20 65.81
g 19.39 0.42 5.19 46.65 106.93

18.86 3.50 10.40 48.97 74.63

Evaluating the Washing Method to Remove Residual SDS
Removal of detergents, especially anionic detergents as SDS, from large acellular
scaffoldsis known to be critical problems in decellularization method until it may cause
undesirable host response in vivo towards an implanted material. The study finding (table 2)
revealed that the combined decellularization method allowed to remove most of the SDS.
Table 2. SDS quantification

Type of

tissue SDS/tissue [pg/mg]

NATIVE| 0.261 | 0.059 | 0.172| 0.219| 0.109 | 0.022 | 0.155| 0.146 | 0.539 | 0.454| 0.63
vessel

V::)sfel 0.017 | 0.021 | 0.008 | 0.070 | 0.149 | 0.106 | 0.113 | 0.099 | 0.363 | 0.076 | 0.205 | 0.20

Biocompatibility Assay: in vitro cytocompatibility by contact test with cells
The biocompatibility of decellularized porcine matrices was tested be seeding GFP-
labeled HUVECSs onto the luminal surface of decellularized matrices. All matrices retrieved
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after decellularization supported the attachment of HUVECS, a confluent layer was observed
after 5 days of cultivation (figure 9); no apparent differences were observed between the
experimental groups and the control group. After 6 days of culture live/dead assay showed
live cells evenly distributed with a few dead cells within the sample. The results indicated that
the treated tissues do not contain residual detergents or other harmful components to affect the
cells’ survival. As conclusion, the current protocol with specific components may be considered
eligible for further in vivo evaluation of the biocompatibility [38].

CONTROL SAMPLE 1 SAMPLE 2 SAMPLE 3

Day 5

aaaaa

Day 6

Figure 9. Successful re-seeding of GFP-HUVECSs onto decellularized porcine matrices.

200000 cells/well seeded onto the luminal surface of matrix or plastic culture dish as
control. Images were taken with a Stereomicroscope at 5™ and 6 day post-seeding. All
matrices retrieved after decellularization supported the attachment of HUVECSs, as a confluent
layer was observed after 5 days of cultivation (B-D). Live/dead staining showed live cells
evenly distributed in decellularized samples while dead cells were red (F-G).

Plastic culture dish, as control (A, E). Decellularized carotid artery (SAMPLE 1 — B, F.
SAMPLE 2 - C,G. SAMPLE 3 - D, H).

GENERAL CONCLUSIONS

1. Sonication-assisted methods do not appear to be efficient strategy to remove cells from
vascular tissue;

2. High-amplitude ultrasound is inappropriate for vascular tissue decellularization
because of its harmful effects on the matrix;

3. Large-diameter blood vessels require an extended processing time than small-diameter
blood vessels; therefore no common decellularization protocol can be recommended;

4. The described chemical-enzymatic approach is an efficient tool in development the
acellular vascular scaffolds for both large-diameter and small-diameter blood vessels;
only chemical treatment cannot allow to obtain complete cells elimination;

5. The represented chemical-enzymatic approach can be applied for both fresh and
freeze-thawed vascular tissue;

6. H&E in not efficient qualitative tool for confirmation of cellular residues elimination,;

7. Complex characterization (morphological, biochemical, and biomechanical tests) of
decellularized scaffold is mandatory in order to be able to predict the in vivo
performanceof tissue-engineered vascular grafts;
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8. Perfusion decellularization is an efficient tool for uniform decellularization of long
segments of blood vessels.

PRACTICAL RECOMMENDATIONS

1. A large-scale characterization of sonication assisted techniques of decellularization
require experimental testing of other existing indirect and direct sonication methods;

2. The lack of DNA reduction when applying Triton X-100 or hypotonic solution in
combination with ultrasound suggests the necessity of using sonication with stronger
chemicals, such as sodium dodecyl sulfate or sodium deoxycholate, for blood vessels’
decellularization;

3. Porcine carotid artery is an optimal testing model for evaluation of decellularization
protocols’ efficiency and development of small-diameter tissue-engineered blood
vessels;

4. Freezing without cryoprotectant as a method of prolonged storage of biological tissues
can be safely used in practice; no negative impact on the mechanical properties were
recorded;

5. Detergents do not allow cellular components elimination from the scaffold, for
successful DC the working protocol should be supplemented with enzymatic treatment
for DNA removal;

6. H&E staining cannot be used as a sole proof of DC and should be completed, at least,
with a DNA stain like DAPI;

7. Multiple washing steps and treatment with Triton X-100 are an optimal instrument to
wash SDS remnants from the scaffold.

STUDY LIMITATIONS
1. More detailed histological analysis is necessary; Masson’s trichrome staining and

picrosirius red staining may reveal the collagen and elastin morphologys;

2. Suture retention test in not enough for mechanical evaluation of the scaffold, uniaxial
and biaxial mechanical testing would be more informative about the tissue behavior.
Simultaneously the behavior after re-cellularization would be an interesting study;

3. If in vitro biocompatibility tests had good results, animal testing could be the last
important test;

4. Testing for different matrix and cellular proteins levels, and for known and unknown

antigens, would give a better understanding about the immunological potential of these

grafts.
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scaffold. In: Sontea V., Tiginyanu I., Railean S. (eds). Springer, Cham, 6th International
Conference on Nanotechnologies and Biomedical Engineering. ICNBME 2023. IFMBE
Proceedings. 2024; 91(Volume 1): pp. 386-396. ISSN: 1680-0737 / ISSN: 1433-9277 (electronic).
ISBN 978-3-031-42774-9. ISBN 978-3-031-42775-6 (eBook). DOI:/10.1007/978-3-031-42775-
6_42 (SJR: 0.155, SCOPUS).

I1. Abstracts / thesis submitted at scientific conferences:

v international conferences from abroad

10. Malcova T., Bélutel T., Popescu V., Nacu V. Characterization of decellularized porcine
aorta as tissue engineering scaffolds for vascular application. Timisoara Anatomical Days. In:
Abstract Book. Research and Clinical Medicine. Timisoara, Romania: 2019; 3 (1), p. 49. ISSN:
2360-1124.

11. Malcova T., Globa L., Vascan A., Tugui E., Stoian A., Nacu V. Evaluation of the
efficacy of decellularization treatment in preparing decellularized umbilical cord artery. In:
Abstract Book. International molecular medicine symposium. Istanbul, Turcia: 2019; p. 76.

12. Malcova T., Nacu V., Rojnoveanu Gh., Andrée B., Hilfiker A. Protocolul de decelularare
a vaselor sanguine este dependent de diametrul acestora. In: Chirurgia (Bucur). Conferinta
Nationala de Chirurgie 2021. Editie on-line: 2021; 116(Suppl.1), pp. 118-119. ISSN: 1221-9118.
ISSN (online): 1842-368X.

13. Malcova T., Rojnoveanu Gh., Ciubotaru A., Andrée B., Hilfiker A. Cuantificarea ADN
si a proteinelor matricei extracelulare: instrument util In caracterizarea vaselor sanguine
decelularizate. In: Chirurgia (Bucur). Conferinta Nationala de Chirurgie 2023. 2023;
118(Suppl.1), pp. 163-164. ISSN: 1221-9118. ISSN (online): 1842-368X.

v international conferences organized in Republic of Moldova

14. Malcova T. Blood vessel decellularization—challenges and perspectives. In: Abstract
Book. MedEspera 2018: 7" Intern. Medical Congress for Students and Young Doctors. Chisinau:
2018; p. 204-205.

15. Malcova T., Balutel T., Cociug A., Popescu V. Tissue engineered vascular grafts:
decellularization of porcine aorta through three different methods. In: Abstract Book. MedEspera
2020: 8" Intern. Medical Congress for Students and Young Doctors. Chisinau: 2020; p. 101.

16. Malcova T., Nacu V., Rojnoveanu Gh., Andrée B., Hilfiker A. Qualitative evaluation
of detergent-enzymatic decellularized small-caliber blood vessels. In: Abstract Book. MedEspera
2022: 9" Intern. Medical Congress for Students and Young Doctors. Chisinau: 2022; p. 437.

v national conferences

17.  Malcova T., Balutel T., Globa T., Popescu V. Eficienta comparativa a procedurilor de
decelularizare cu detergenti a grefelor vasculare. In: Abstract Book. Congresul Consacrat
aniversarii a 75-a de la fondarea USMF “Nicolae Testemitanu”. Chisinau: 2020; p. 422.

18. Pavlovschi E., Stoian A., Malcova T., lordachescu R., Verega G., Nacu V. Decelularizarea
combinati a alogrefei osoase vascularizate. Etapa de studiu experimental in vivo. In: Abstract
Book. Congresul Consacrat aniversarii a 75-a de la fondarea USMF “Nicolae Testemitanu”.
Chisinau: 2020; p. 519.

19. Stoian A., Nacu V., Pavlovschi E., Macagonova O., Malcova T., Mihaluta V. Perspectiva
de viitor a alotransplantului osos vascularizat. In: Abstract Book. Congresul Consacrat aniversarii
a 75-a de la fondarea USMF ““Nicolae Testemitanu”. Chisinau: 2020; p. 525.

20. Malcova T., Nacu V., Rojnoveanu Gh., Andrée B., Hilfiker A. Decelularizarea de succes
a aortei porcine pentru generarea scaffoldului acelular necesar in obtinerea grefelor vasculare
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ingineresti. In: Abstract Book. Conferinta Stiintifica Anuala. Cercetarea in biomedicind si
sandtate: calitate, excelenta si performanta. Chisinau: 2021; p. 250.
III.  Invention patents, patents, registration certificates, materials of invention salons:

21.  Malcova T., Nacu V. Procedeu de decelularizare a vaselor sanguine de calibru mic.
Certificat de Inovator Nr. 5937, 2022.08.12.
22.  Malcova T., Nacu V. Procedeu de decelularizare a vaselor sanguine de calibru mic. Act

de implementare nr. 60, 2022.10.24.

23.  Malcova T., Rojnoveanu Gh., Ciubotaru A., Nacu V. In vitro model of biocompatibility
evaluation: a new approach for testing the decellularized vascular scaffolds. Diploma GOLD
MEDAL. EUROINVENT: 15" European Exhibition Of Creativity And Innovation. Special
Award For The Invention. Titu Maiorescu University Of Bucharest. Certificate of Recognition.
Innovation Award for Promoting Science and Technology at Euroinvent 2023. Iasi, Romania.
11.05.-13.05.2023.

24. Malcova T., Jian M., Cobzac V., Mostovei A., Bujor M., Nacu V. New methods in tissue
engineering: decellularization of small-caliber blood vessels and colaagen concentration.
DIPLOMA of GOLD MEDAL. 2" edition of the International Exhibition of Innovation and
Technology Transfer EXCELLENT IDEA — 2023. Chisinau. 19.09.-21.09.2023.

IV.  Participation with communications at scientific forums:

v international

25. Malcova T., Globa L., Vascan A., Tugui E., Stoian A., Nacu V. Evaluation of the efficacy
of decellularization treatment in preparing decellularized umbilical cord artery. The 4
International Conference on Nanotechnologies and Biomedical Engineering — ICNBME-2019.
Chisinau, 18-21 September 2019.

26.  Malcova T., Balutel T., Cociug A., Popescu V. Tissue engineered vascular grafts:
decellularization of porcine aorta through three different methods. The 8% MedEspera
International Congress for Students and Young Doctors. Chisinau, 24-26 septembrie 2020.
(DIPLOMA I** Place Award Certification)

27. Malcova T., Nacu V., Rojnoveanu Gh., Andrée B., Hilfiker A. Protocolul de decelularizare
a vaselor sanguine este dependent de diametrul acestora. Conferinta Nationald de Chirurgie.
Online edition, Romania, 9-12 June 2021.

28. Malcova T., Nacu V., Rojnoveanu Gh., Andrée B., Hilfiker A. Evaluation of ultrasound
application for the decellularization of small caliber vessels. The 5™ International Conference on
Nanotechnologies and Biomedical Engineering — ICNBME-2021. Online edition, Chisinau, 3-5
November 2021.

29. Malcova T., Nacu V., Rojnoveanu Gh., Andrée B., Hilfiker A. Qualitative evaluation of
detergent-enzymatic decellularized small-caliber blood vessels. The 9" International Medical
Congress for Students and Young Doctors, MedEspera. Chisinau, 12-14 May 2022.

(DIPLOMA I** Place Award Certification)

30. Malcova T., Rojnoveanu Gh., Ciubotaru A., Nacu V. Mechanical characterization of
decellularized blood vessels: a valuable tool to provide comprehensive information about the
scaffold. 6th International Conference on Nanotechnologies and Biomedical Engineering —
ICNBME 2023. Chisinau, 20-23 September 2023.

(Certificate of achievement 1% place in YOUNG INVESTIGATORS COMPETITION)

v national
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31.  Malcova T. Public lecture “Grefele vasculare decelularizate obtinute prin inginerie tisulara
vor fi un standard de tratament in viitor?”. MoldMedizin & MoldDent. Chisinau, 11-13 September
2019.

32. Malcova T. Public lecture “Inginerie tisulard si Medicind regenerativa: provocari si
realizdri”. Ziua Internationald a Stiintei. Chisinau, 09 November 2019.

33, Malcova T., Nacu V., Rojnoveanu Gh., Andrée B., Hilfiker A. Decelularizarea de succes
a aortei porcine pentru generarea scaffoldului acelular necesar in obtinerea grefelor vasculare
ingineresti. Conferinta Stiintifica Anuala. Cercetarea in biomedicina si sandtate: calitate, excelenta
si performanta. Editia online, Chisindu, 20-22 October 2021.

34.  Malcova T. Decelularizarea vaselor sanguine. Curs educational “Medicina regenerativa si
nanomedicina”. Conferinta Stiintifici Anuald Cercetarea in Biomedicina si Sanatate: Calitate,
Excelenta si Performanta. Chisinau, 19-21 October 2022.

V. Participation with posters at scientific forums:

v international

35. Malcova T., Globa L., Vascan A., Tugui E., Stoian A., Nacu V. Evaluation of the efficacy
of decellularization treatment in preparing decellularized umbilical cord artery. International
Molecular Medicine Symposium by the Bosphorus. Istanbul, Turcia, 16-18 May 2019.
(Certificate of AWARD - Best Poster Presentation AWARD in Third Place)

36. Malcova T., Bélutel T., Popescu V., Nacu V. Characterization of decellularized porcine
aorta as tissue engineering scaffolds for vascular application. Timisoara Anatomical Days.
Simpozionul “Zilele Anatomice Timisorene”, editia I, cu participare internationald. Timisoara,
Romania, 6-7 December 2019.

37. Malcova T., Rojnoveanu Gh., Ciubotaru A., Andree B., Hilfiker A. Cuantificarea ADN si
a proteinelor matricei extracelulare: instrument util in caracterizarea vaselor sanguine
decelularizate. Conferinta Nationala de Chirurgie 2023. Eforie Nord, Romania, 24-27 May 2023.
v national

38. Pavlovschi E., Stoian A., Malcova T., lordachescu R., Verega G., Nacu V. Decelularizarea
combinatd a alogrefei osoase vascularizate. Etapa de studiu experimental in vivo. Congresul
Consacrat aniversdrii a 75-a de la fondarea USMF “Nicolae Testemitanu”. Online edition,
Chisinau, 21-23 October 2020.

39.  Stoian A., Nacu V., Pavlovschi E., Macagonova O., Malcova T., Mihaluta V. Perspectiva
de viitor a alotransplantului osos vascularizat. in: Abstract Book. Congresul Consacrat aniversarii
a 75-a de la fondarea USMF “Nicolae Testemitanu”. Online edition, Chisinau, 21-23 October
2020.

40.  Malcova T., Balutel T., Cociug A., Popescu V. Tissue-engineered vascular grafts:
decellularization of porcine aorta through three different methods. Congresul consacrat aniversarii
a 75 ani de la fondarea USMF “Nicolae Testemitanu”. Online edition, Chisinau, 21-23 October
2020.

(Laureat al Concursului ,,Performante in cercetare” pentru ciclul de lucrari in domeniul Chirurgiei
generale, Ingineriei tisulare si culturilor celulare)

VI.  Participation in media shows / projects:

41.  Malcova T. Ambasador-trainer of Science, Scientific field — Tissue engineering and cell
cultures, Surgery. Grant Agreement nr. 101060678, project “Green Science to the Service of
Healthy Society” (GreenSCI), program HORIZON EUROPE (01 April 2022 — 30 November
2023).

(Diploma de Onoare a Academiei de Stiinte a Moldovei; Diploma de Gratitudine)
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VII. Research internship:

42.  Exchange program at University of Chester, Chester, Great Britain, European Union’s
Erasmus+ programme International Credit Mobility (agreement number: 2016-1-UK01-KA107-
024078), 15 January 2018 — 15 Juny 2018.

43. Exchange program at Hannover Medical School, or. Hanovra, Germania, in cadrul
proiectul Orizont2020 NanoMedTwin “Promoting smart specialization at the Technical University
of Moldova by developing the field of Novel Nanomaterials for BioMedical Applications through
excellence in research and twinning” (Grant agreement ID: 810652), 01 September 2020 — 28
February 2021.

44.  Program de Burse oferit de Federatia Mondiala a Savantilor pentru doctoranzi si tineri
cercetdtori din Republica Moldova, Chisinau, 01 June 2023 — 31 May 2024.

VIII. Educational courses on research topic:

45.  Autumn School on Nano-Bioengineering 2019. Chisinau, 14-17 September 2019.

46.  Advanced Training Course on Nanotechnologies and Biomedical Engineering organised
in the framework of the Horizon2020 project “NanoMedTwin”. Chisinau, 19 October 2019 — 16
May 2020.

47. Training Course on Intellectual Property Protection and Technology Transfer in the
framework of the Horizon2020 project “NanoMedTwin”. Chisinau, 01 October — 19 December
2020.

48. Summer school “Nanotehnologii si biomedicind in contextul provocarilor secolului XXI”.
Online edition, Chisinau, 5-13 June 2021.

49. Workshop of Polymerase Chain Reaction and Cell Culture, Bahgesehir University Faculty
of Medicine. Istanbul, Turcia, 16 May 2019.

ANNOTATION

Malcova Tatiana ,,Morphological and biomechanical modifications in blood vessels
decellularization”. The thesis for the degree of PhD in medical sciences, Chisinau, 2023.

Structure of the thesis. The thesis includes annotations in Romanian, Russian and English,
list of abbreviations, 48 figures, 6 tables, introduction, 4 chapters with general conclusions,
practical recommendations, and study limitations. The paper is followed by the list of
bibliographic references with 287 sources, author’s disclaimer, and author's CV. The principal
results of the study were published in 20 scientific papers.

Keywords: Cardiovascular diseases, peripheral arterial disease, bypass surgery, vascular
graft, tissue engineering, tissue engineered vascular graft, decellularization, detergent,
enzymatic treatment, sonication.

The aim of study. To develop new methods for decellularization of large- and small-diameter
blood vessels.

Objectives of the study. (1) To evaluate the efficiency of sonication-assisted methods for
decellularization of arterial vessels; (2) To test the effect of acoustic amplitude on the vascular
matrix; (3) To evaluate the effectiveness of chemical (SDS, SDC, Triton X-100, hypotonic
solution) and enzymatic (DNase-I) treatment in vascular tissue decellularization; (4) To
evaluate whether the decellularization protocol efficiency is depending on the vessel diameter;
(5) To check the informativeness of qualitative methods (H&E and DAPI) for confirmation
of the decellularization process; (6) To do morphological, biochemical, and biomechanical
characterization of treated blood vessels; (7) To assess the biocompatibility of acellular
scaffold by performing in vitro contact test; (8) To determine the efficiency of perfusion
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decellularization for uniform cells’ elimination from long segments of blood vessels.
Scientific originality and novelty. Conducting the experimental study with comparison and
multilateral characterization of decellularization efficiency of different decellularization
approaches in term of cells’ elimination and matrix strength preservation contributed to the
completion of some gaps in the current scientific literature.
The scientific problem solved in the thesis consists in identifying the factors associated with
efficient cells’ removal and establishing a novel procedure for blood vessels decellularization
and optimal characterization of acellular scaffold’s structure, a fact that will allow the
modification of the experimental paradigm through the scientifically reasoned selection of the
optimal experimental conditions.
Theoretical significance and applicative value. Decellularization efficiency of different
chemicals was specified; in addition, the indispensability of the enzymatic treatment in
combination with strong detergents for accelular vascular scaffolds production was
demonstrated. The data obtained during the research scientifically argue for the modification
of the current research strategy through the preferential use of carotid artery vs aorta as testing
model for development of small-diameter tissue-engineered vascular grafts. The failed attempt
touse the ultrasound for vascular tissue DC defines the necessity to perform additional studies
regarding the mechanism of ultrasound-induced cellular destruction.
The practical impact of the present study consists in implementation of a novel technique
of blood vessels decellularization in the Laboratory of Tissue Engineering and Cell Culture,
Nicolae Testemitanu State University of Medicine and Pharmacy of the Republic of Moldova.
ADNOTARE
Malcova Tatiana ,,Modificiarile morfologice si biomecanice in decelularizarea vaselor
sangiuine”. Teza pentru obtinerea titlului de doctor in stiinte medicale, Chisindu, 2023.
Structura tezei. Teza include adnotarile in limbile engleza, romana si rusa, lista abrevierilor,
48 de figuri, 6 tabele, introducere, 4 capitole cu concluzii generale, recomandari practice si
limitari ale studiului. Lucrarea este urmata de lista de referinte bibliografice cu 287 de surse,
declaratia autorului si CV-ul autorului. Principalele rezultate ale studiului au fost publicate in
20 de lucrari stiintifice.
Cuvinte-cheie: boli cardiovasculare, boala arteriald periferica, chirurgie bypass, grefa
vasculard, inginerie tisulara, grefd vasculard obtinuta prin inginerie tisulara, decelularizare,
detergent, tratament enzimatic, ultrasunet.
Scopul studiului. Dezvoltarea unor tehnici noi de decelularizare a vaselor sanguine de calibru
mare $i mic.
Obiectivele studiului. (1) Evaluarea eficientei metodelor asistate de sonicare 1in
decelularizarea vaselor arterelor; (2) Testarea efectului amplitudinii acustice asupra matricei
vasculare; (3) Determinarea eficacitatii tratamentului chimic (SDS, SDC, Triton X-100,
solutie hipotonicd) si enzimatic (DNaza-I) in decelularizarea tesutului vascular; (4) Evaluarea
eficientei protocolului de decelularizare in functia de diametrul vasului; (5) Aprecierea
informativitatii metodelor calitative (H&E si DAPI) pentru confirmarea procesului de
decelularizare; (6) Caracterizarea morfologica, biochimica si biomecanica a vaselor sanguine
contact in vitro; (8) Determinarea eficientei decelularizarii prin perfuzie pentru eliminarea
uniforma a celulelor din segmentele lungi ale vaselor sanguine.
Originalitatea si noutatea stiintifica. Realizarea studiului experimental cu compararea si
caracterizarea multilaterala a eficientei diferitor tehnici de decelularizare in ceea ce priveste
eliminarea celulelor si pastrarea rezistentei matricei pentru completarea unor lacune din
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literatura stiintificd actuala.
Problema stiintificd rezolvati in teza constd in: identificarea factorilor asociati cu
indepartarea eficienta a celulelor din matrice si stabilirea unei proceduri noi de decelularizare
a vaselor sanguine de calibru mic, si caracterizarea optima a structurii acelulare, fapt care va
permite modificarea paradigmei experimentale prin selectarea rationald din punct de vedere
stiintific a conditiilor experimentale optime.
Semnificatia teoretica si valoarea aplicativa. A fost specificata eficienta de decelularizare
a diferitor substante chimice; in plus, a fost demonstrat caracterul indispensabil al
tratamentului enzimatic Tn combinatie cu detergenti puternici pentru producerea matricei
vasculare acelulare. Datele obtinute argumenteaza stiintific modificarea strategiei actuale de
cercetare prin utilizarea preferentiald a arterei carotide fatd de aorta ca model de testare pentru
dezvoltarea grefelor vasculare de diametru mic prin inginerie tisulara. Incercarea esuati de a
utiliza ultrasunetul pentru decelularizarea tesutului vascular defineste necesitatea de a efectua
studii suplimentare privind mecanismul de distrugere celulara indusa de undele sonore.
Impactul practic al prezentului studiu constd in implementarea unei tehnici noi de
decelularizare a vaselor sanguine in cadrul Laboratorului de inginerie tisulara si culturi
celulare, Universitatea de Stat de Medicina si Farmacie ,,Nicolae Testemitanu” din Republica
Moldova.

AHHOTALIUA
MankoBa TarbsiHa "Mopgoaornyeckne u OHOMeXaHMYeCKHe MOAUPHUKALNM TIPH
Aele/UTIJISIpU3allul  KPOBEHOCHBIX cocyAoB". Jluccepranusi Ha COMCKaHUE CTEICHU
KaHIuJaTa MeIUIUHCKUX Hayk, Kummuues, 2023.
Crtpykrypa aucceprauum. Jluccepranus BKIIOYAeT aHHOTAIlMN Ha PyMBIHCKOM, PYCCKOM U
AHTJIMIICKOM sI3bIKaX, CIIMCOK COKpalleHu#, 48 pucyHKoB, 6 TaOiul, BBeJAcHUE, 4 TJIaBbI C
0o0IIMMH BBIBOJIAMU, MPAKTUYECKUE PEKOMEHIAMM U OTPAHUYECHUSI UCCIICIOBAHUS, CIIMCOK
n3 286 6ubnuorpapuyeckux UCTOYHUKOB, aBTOPCKYIO JeKjIapanuio u pestome. OCHOBHBIC
pe3yJbTaThl UCCIEOBAHUS OIMyOIMKOBaHbI B 20 Hay4HBIX paboTax.
KiroueBble cjioBa: cepaedyHO-COCYAHMCThIE 3a0oyieBaHUs, 3a00eBaHUS NepUdepUIeCcKUx
apTepuii, MIYHTUPOBAHUE, COCYIUCTBIA TPaHCIUIAHTAT, TKAHEBasi MH)XEHEPHS, COCYIUCTBII
TPAHCIUIAHTAT IIOJyYEHHBIM TKAaHEBOM WHIXKCHEPUEH, NCLCIUIIOJISIpU3aLus, JETEPIeHT,
(epMeHTaTUBHASI 00pabOTKa, yIBTPa3BYK.
Heab ucciaenoBanus. Pa3BUTh HOBbIE TEXHUKHU JICLEIUTIONISIPU3ALIMA KPOBEHOCHBIX COCYIOB
OOJIBIIIOTO U MAJIOTO KaIHopa.
3agaum ucciaenoBanus. (1) OueHuTs 3pHEeKTUBHOCTH METOIOB JICTICIUTIONIIPU3AIINU COHHOM
apTepuy CBHHBM C TIOMOIIBIO YyibTpa3Byka; (2) IIpoBepuTh BIMsSHHME aKyCTHUECKOM
aMIUTATYAbl HA COCYIUCTHIH MaTpHkC; (3) Ouenuts 3¢ ¢dextuBHoCcTh XuMuueckoro (JCH,
JK, Tpuron X-100, runoronnueckuii pactsop) u pepmenrarusHoro (AHKa3za-1) neuenus
Npu JeHeuToisapu3anuu  cocyaucroi tkanu; (4) OueHuth 3(PEGEKTHUBHOCTH MPOTOKOIA
JELEeIUTIONSPU3aIlii B 3aBUCUMOCTH OT JuaMeTpa cocyna; (5) [IpoBepuTh HHPOPMATUBHOCTH
kauecTBeHHbIX MeTOZ10B (H&E 1 DAPI) niist noaTBep ) aeHus npoiiecca AeUeUTIoIIpU3aliim;
(6) IIpoBectu MOPGOIOTNYECKYI0, OMOXUMHUUYECKYI0O U OMOMEXaHUYECKYIO XapaKTePUCTHKY
00paboOTaHHBIX KPOBEHOCHBIX cOCYZOB; (7) OmeHuth OMOCOBMECTUMOCTH OECKIETOYHOTO
Kapkaca IyTeM IpOBEACHUsI KOHTAKTHOrO TecTa in vitro; (8) Omnpenenuts 3pPEeKTUBHOCTH
nepdy3MoOHHON ACUEIUTIONSAPU3ALNN UIsI OJHOPOAHOTO YAAJICHHUS KIETOK W3 JUIMHHBIX
CEerMEHTOB KPOBEHOCHBIX COCY/IOB.
Hay4yHasi opuruHaJJbHOCTh U HOBH3HA. [IpoBeieHNE HIKCIEPUMEHTAIBHOIO HCCIIeI0BaHUS
CO CPaBHEHHUEM M MHOTOCTOPOHHEH XapaKTepUCTUKON 3(P(HEKTUBHOCTH Pa3TUIHBIX METOJOB
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JNELEeIUTIOJISIPA3ALUN C TOUYKH 3pEHU YIAJIICHUS KJIIETOK U COXPAaHEHUs IIPOYHOCTU MAaTPHUKCA.
Hay4ynasi npo0Jiema, pemiaeMasi B JMCCePTALMHU, 3aKII0YACTCA B BBISIBJICHUU (PAKTOPOB,
CBSI3aHHBIX C A(Q(EKTUBHBIM yHaJeHHWEM KIETOK, M CO3JaHUU HOBOH IMpPOIEAYpHI
JNEUEIUTIONISAPU3ALUA KPOBEHOCHBIX COCYZ0OB U ONTUMAJIBHON XapaKTEPUCTUKHU CTPYKTYpPBI
alleJUTIONIIPHOTO MATPUKCA, YTO TMO3BOJIUT MOAM(DUIMPOBATH IKCIEPUMEHTAIBHYIO Mapajurmy
IyTeM Hay4YHO 0OOCHOBAHHOI'O BHIOOpA ONTUMAJIBHBIX YCIOBHIl SKCIIEPUMEHTA.
Teopernueckasi 3HAYMMOCTHL M NPHUKJIAJHOe 3HaYeHHe. YTouyHEeHa 3(P(HEKTHUBHOCTH
JNEUEIUTIONIAPA3ALUNA  PA3JIMYHBIMM  XMMHWYECKHMHU  BELIECTBAMHU; IIPOAEMOHCTPUPOBAHA
HE3aMEHHUMOCTh (pepMEHTATUBHOW OOpPaOOTKU B COYETAHUM C CUIJIBHBIMH JETEPreHTaAMU IS
NPOU3BOACTBA  COCYAHUCTOrO  aAUEJUIIOJISIPHOrO  Marpukca. HeynauHas — mombITKa
WCIIOJIB30BaHUs YIBTPA3ByKa OIpeAessieT HeOOXOIUMOCTh MPOBEACHUS OMOJIHHUTEIBHBIX
HUCCJIEIOBAaHUN OTHOCUTEIBHO MEXaHW3Ma pa3pylleHus KIETOK, WHIYLIMPOBAHHOI'O
YIABTPa3ByKOM.

IIpakTHyeckass 3HAYMMOCTL HACTOALIEI0 MCCIEIOBAHUA 3aK/II0YAeTCs BO BHEIAPECHUU
HOBOW METOAMKH ACUEIUTIOISPU3AIMN KPOBEHOCHBIX cocynoB B Jlaboparopuu TkaHeBoi
Nnmxenepun un KynbsTypsl xiietok l'ocynapcrBeHHoro VYHuBepcutera MeauluHbl U
®apmanuu uMm. Hukonae Tectemuniany, Kummnes, Pecriy6imnka Momgosa.
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