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Introduction
Bone regeneration is a critical process for restoring bone structure and function following damage caused by trauma, infection, tumor processes, or atrophy, making it one of the most pressing issues in orthopedics [1-3]. Although bone tissue has a self-healing capacity that allows small defects to heal naturally, larger defects, those exceeding a critical size of 2 cm or occupying more than 50% of the bone circumference, are often associated with complications such as nonunion, delayed healing, and pathologic fractures [4,5].
Bone grafting is the second most common surgical procedure after blood transfusion, with an annual global demand of approximately 4 million procedures. In the United States alone, there are about 6.3 million fractures annually, of which over 500,000 require bone grafting [6]. In Europe, the number of fractures is expected to increase by 28% between 2010 and 2025 due to population growth [7]. Therefore, effective treatment approaches for bone diseases and defects are increasingly crucial in modern clinical practice [6-10].
The primary challenge in repairing bone defects lies in their size, as larger defects require substantial amounts of bone graft material [1,4,11,12]. Using autologous bone as a filler in such cases increases the volume of material harvested from the patient, leading to greater surgical trauma, prolonged operative time, and extended healing periods [13,14]. The use of allografts and synthetic materials is also limited, as they are not registered in some countries, and the cost of even small quantities of these materials is high [14-17]. As a result, the search for advanced, biologically compatible, and cost-effective implants continues [18,19].
Given that bone grafts offer the closest biological similarity to native bone tissue, and the capability of producing biodegradable implants within the Republic of Kazakhstan, the use of domestically prepared allografts via the Marburg system presents significant advantages. This technology involves the preparation of "live" donor bone, specifically the femoral head, which is harvested during hip joint replacement surgeries and processed using the LOBATOR thermal treatment device (Telos, Germany). Since 1993, the LOBATOR bone bank system has been recognized as a safe viral inactivation method for donor bone in leading countries worldwide [20-24]. In Kazakhstan, this bone allograft procurement method has been successfully implemented since 2013 at the multidisciplinary hospital named after Professor Hafiz Zhanabavich Makazhanov (Karaganda, Kazakhstan) for the treatment of bone defects in procedures such as endoprosthetics and tumor resections. Moreover, studies have demonstrated that the Marburg bone graft exhibits strong osteoconductive properties, making it effective for orthopedic surgeries requiring bone grafting [24-27]. However, its osteoinductive properties remain limited, necessitating further improvements [27-30].
In this context, the integration of regenerative medicine techniques, such as platelet-rich plasma (PRP) therapy, offers a promising avenue for enhancing bone regeneration. PRP promotes bone healing by releasing growth factors, including platelet-derived growth factor (PDGF), transforming growth factor-beta (TGF-β), vascular endothelial growth factor (VEGF), and insulin-like growth factor-1 (IGF-1), which stimulate angiogenesis and osteoblast activity, thereby accelerating bone tissue repair [31-34]. The combination of PRP with bone grafts has the potential to significantly improve the osteoinductive properties of the graft, leading to more effective bone defect healing [35-38].
A review of the literature reveals that studies using the Marburg bone bank system have not yet detailed the process of reparative bone regeneration when bone allografts are combined with platelet-rich autoplasm. This highlights the importance of further research to evaluate the efficacy of this approach in clinical practice. Based on current data, we find it relevant to conduct additional studies on the combined use of bone grafts prepared via the Marburg system with platelet-rich autoplasm. This method could significantly improve outcomes for patients with various long bone defects, offering new possibilities in reconstructive and reparative surgery for plastic surgeons, oncologists, maxillofacial surgeons, and traumatologists.
The working hypothesis is that the use of bone grafts harvested via the Marburg bone bank system, in combination with platelet-rich autoplasma (PRP), enhances the reparative regeneration of bone defects.
The working hypothesis is that the use of bone grafts harvested via the Marburg bone bank system, in combination with platelet-rich autoplasma (PRP), enhances the reparative regeneration of bone defects.
Aim of the study:The aim of this study was to investigate the pathomorphologic and radiologic features of reparative bone tissue regeneration using bone grafts prepared according to the Marburg bone bank system in combination with platelet-enriched autoplasma, in a rabbit model of bone defects.
Objectives of the study:
1. To establish the optimal model for the repair of long tubular bone defects based on comparative experimental research.
2. To develop and experimentally test the technique of using bone grafts prepared via the Marburg system in combination with platelet-enriched autoplasma.
3. To compare the radiologic characteristics of bone defect repair in groups receiving Marburg-prepared bone grafts with PRP versus without PRP at different time intervals.
4. To compare the morphometric and histopathologic dynamics of bone defect repair on days 14, 30, and 60 in the groups receiving Marburg-prepared bone grafts with PRP versus without PRP.
5. To compare the histochemical characteristics of bone graft maturation and remodeling on days 14, 30, and 60 in the groups receiving Marburg-prepared bone grafts with PRP versus without PRP.
Scientific novelty: For the first time, a comparative experimental study has confirmed the effectiveness of bone grafts prepared via the Marburg bone bank system combined with PRP in the treatment of bone tissue defects (Certificate of Inclusion of Information in the State Register of Rights to Copyrighted Objects No. 50519, dated 17.10.2023). A minimally invasive device for filling bone tissue defects with platelet-enriched autoplasma-impregnated bone-plastic material has been developed (Patent for Utility Model No. 8718, dated October 23, 2023). The pathomorphological and radiological characteristics of bone tissue regeneration using Marburg-prepared bone grafts in combination with platelet-rich autoplasma have been studied and reported for the first time.
Main Provisions for Defense:
1) The technique for applying PRP-impregnated bone grafts, prepared using the Marburg bone bank system and delivered through the newly developed device, enables minimally invasive filling of bone defects with graft material.
2) The use of bone grafts prepared via the Marburg system combined with PRP enhances bone defect closure through newly formed bone tissue and increases neovascularization in the defect area at early stages, compared to bone grafts without PRP.
3) The combination of bone grafts prepared using the Marburg system and PRP improves graft integration in the defect area, enhances osteoconductive potential, and accelerates bone graft remodeling, compared to bone grafts without PRP.
Practical Relevance:
This research significantly broadens the current understanding of using bone substitute materials in combination with bioactive growth factors for effective bone defect treatment. The study reinforces scientific evidence by demonstrating the potential of Marburg-prepared bone grafts combined with platelet-rich plasma (PRP) for addressing bone defects of various etiologies. The pathomorphological and radiological findings outline distinct phases of the reparative process, further validating the effectiveness of this approach.
The results of the dissertation provide a strong foundation for developing a new biological implant incorporating growth factors, which, following additional clinical trials, could meet the therapeutic needs of patients with extensive bone tissue defects. This approach not only stimulates osteogenesis but also promotes faster and more efficient restoration of affected bone areas, which may significantly improve long-term patient outcomes and quality of life.
Economically, this study offers potential savings by reducing the cost of allograft acquisition through the utilization of locally sourced femoral heads removed during hip arthroplasty, decreasing reliance on foreign manufacturers and minimizing the need for imported bone substitutes. Additionally, the development of domestic bone allograft production in Kazakhstan helps meet the needs of trauma and orthopedic departments for high-quality, safe donor bone.
Stimulating osteogenesis through advanced technologies in trauma and orthopedic treatment could shorten the duration of hospital stays, reduce hospitalization frequency, and lower disability rates. These advancements carry not only economic benefits but also profound social impacts by improving the quality of life for patients and reducing the burden on healthcare and social services.
Relation of the Thesis to Other Research:
The dissertation was conducted under the grant-funded project from the Ministry of Education and Science of the Republic of Kazakhstan (No. AP09260954) titled "Study of the efficiency, dynamics of reparative osteogenesis, and reorganization of duplex domestic allograft, prepared according to the Marburg bone bank system, in combination with osteoinductive substances for filling bone defects in rabbits."
Author's Personal Contribution:
The dissertant, in collaboration with scientific advisors and the research team, developed a device for minimally invasive implantation of bone-plastic material. The researcher independently conducted experiments on 104 laboratory animals, examining structural changes in bone defect areas and evaluating the effectiveness of defect repair using Marburg bone grafts in combination with PRP. The study included histological, histochemical, and radiological analyses. The dissertant also modeled femoral bone defects in animals, collected research materials, and managed final withdrawal from the experiment. All surgical procedures were performed independently with active assistance from colleagues. The dissertant personally systematized, documented, and presented the experimental results in the dissertation.
Approbation of the work
The main provisions of the thesis were reported and discussed at:
– International Scientific and Practical Conference Dedicated to the 20th Anniversary of National Scientific Center of Traumatology and Orthopaedics named after Academician N.D. Batpenov (Astana, 2021).
-	The 29thth Annual European Orthopaedic Research Society International Congress (Rome, 2021);
-	The 41st SICOT Orthopaedic World Congress (Budapest, 2021);
-	International Foreign Congress "32nd Annual Conference of the European Society for Biomaterials" (Bordeaux, 2022);
-	The European Federation of National Associations of Orthopaedics and Traumatology Annual Congress (Vienna, 2023);
-	The 31stst Annual European Orthopaedic Research Society International Congress (Porto, 2023);
-	scientific and practical conference of young scientists, undergraduates and doctoral students dedicated to the Day of Science "The World of Science and Youth: Traditions and Innovations" (Karaganda, 2023).
-	republican scientific-practical conference with international participation. "INNOVATIONS IN TRAUMATOLOGY AND ORTHOPEDICS" (Astana, 2023) (1 place for the best report);
-	Extended meeting of the Department of Surgical Disciplines of NAO "Medical University of Karaganda" dated 04.06.2024.
Publications
On the materials of the dissertation 17 scientific works have been published, including:
-	1 in a scientific publication recommended by the Committee for Control in the Sphere of Education and Science of the Ministry of Education and Science of the Republic of Kazakhstan:
1.	Tuleubaev B.E., Tashmetov E.R., Saginova D.A., Koshanova A.A. Morphologic features of bone defect regeneration in the application of bone allograft in combination with autoplasm enriched with platelets // Bulletin of KazNMU, -2022. -№2(61). -С. 116-133.
-	4 publications in international scientific publications included in the Scopus information base at the time of publication:Saginova D., Tashmetov E., Kamyshanskiy Ye., Koshanova A., Arutyunyan M., Rustambek I. The histological assessment of new bone formation with zolendronic acid loaded bone allograft in rabbit femoral bone defect // Journal of medicine and life. - 2023. - Vol. 16, ISSUE: 4. P.616-622. DOI 10.25122/jml-2022-0314.  (Scopus - 36th percentile).
1.	Saginova D., Tashmetov E., Kamyshanskiy Y., Tuleubayev B., Rimashevskiy D.. Evaluation of Bone Regenerative Capacity in Rabbit Femoral Defect Using Thermally Disinfected Bone Human Femoral Head Combined with Platelet-Rich Plasma, Recombinant Human Bone Morphogenetic Protein 2, and Zoledronic Acid//Biomedicines. - 2023. - Vol. 11. P.1729. https://doi.org/10.3390/biomedicines11061729 (WoS - Q2)
2.	Saginova D., Tashmetov E., Tuleubaev B., Kamyshanskiy Ye., Davanov Sh. Effect of Platelet-rich Plasma Combined with Marburg Bone Bank-prepared Bone Graft in Rabbit Bone Defect Model // Shiraz E-Med J. - 2023. - Vol. 24, № 9. P.e136960. DOI: https://doi.org/10.5812/semj- 136960 (Scopus - 36th percentile)
3.	Saginova D., Tashmetov E., Tuleubaev B., Kamyshanskiy Ye., Davanov Sh. The effect of autologous platelet rich plasma on new bone formation and viability of a Marburg bone graft // Open Life Sciences 2023; 18: 20220761. https://doi.org/10.1515/biol-2022-0761 (Scopus - 56th percentile)
-	1 utility model patent
The patent for utility model No. 8718, MPK A61B 17/00 (2006.01), A61B 17/56 (2006.01) was obtained, published on December 15, 2023. Device for minimally invasive implantation of bone- plastic material (Appendix B).
-	2 certificates on entering information into the state register of rights to copyrighted objects
1.	Certificate of Inclusion of Information in the State Register of Rights to Copyrighted Objects No. 39243 dated 10.10.2023 (Appendix B).
2.	Certificate of Inclusion of Information in the State Register of Rights to Copyrighted Objects No. 50519 dated 17.10.2023 (Appendix B).
-	 1 Act of implementation of the results of research work	
	Materials and methods
The study was conducted on a total of 104 mongrel rabbits of comparable age and weight. Two series of experiments were performed.
 	I stage:In this series, large defects of long tubular bones were modeled in laboratory rabbits, which were divided into four groups (Figure 1).
Group 1: A 10x5 mm defect was created in the femoral diaphysis (DB) (n=8).
Group 2: A 5x5 mm defect was created in the metaepiphyseal region of the femur (MEB) (n=8).
Group 3: A 15x5 mm defect was created in the ulna (n=8).
Group 4: A 15x5 mm defect was created in the radius (n=8).
Throughout the experiment, clinical monitoring of the animals was performed to evaluate postoperative complications, and radiological examinations were conducted on the 14th and 30th days to assess the recovery of the bone defects. The animals were removed from the experiment on the 30th day.







[image: ]
Figure 1 - Design of the experiment on modeling bone defects of long tubular bones

II stage: In this series, involving 72 rabbits divided into three groups, the effect of a composite material consisting of Marburg bone graft and platelet-rich autoplasma (MBG + PRP, n=24) on reparative bone regeneration was studied. This group was compared to a group where the defect was filled with only Marburg bone graft (MBG, n=24), and a group where the defect was left unfilled (No filling, n=24) (Fig. 2). The bone defects were filled using the newly developed device for the implantation of bone replacement materials. The animals were removed from the experiment on days 14, 30, and 60.
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Автоматически созданное описание]
Figure 2 - Design of the experimental study

Comparative evaluation of bone defect regeneration was carried out using radiological (including radiography and computed tomography), morphological (histological, histomorphometric, and histochemical), and statistical methods.
Statistical Methods:Statistical analysis of the data was performed using descriptive statistical methods. The median (Me) and quartiles (Q1–Q3) were calculated for each indicator. For qualitative variables, the fractions of signs in each group were calculated. The Mann-Whitney test was used to assess the significance of quantitative differences between two independent groups, while the Kruskal-Wallis test was used for comparisons involving three independent groups. Pearson’s χ² (chi-square) test was applied to assess the significance of qualitative variables when comparing treatment results across groups.
Data processing was performed using Microsoft Excel (Microsoft Office 2010) and the Statistica 13.0 software package. A p-value of <0.05 was considered statistically significant for all analyses.
	Results of the study
	Stage I Findings: Radiographic results from Stage I indicated that none of the bone defects across all groups demonstrated spontaneous closure by the 14th and 30th days post-surgery. In Group 1, where a femoral diaphysis defect was created, a high incidence of fractures in the operated limb was observed (p=0.001). In Groups 3 and 4, involving defects in the ulna and radius respectively, impaired motor function of the operated limb was noted (p<0.05). The fewest postoperative complications, such as fractures and reduced limb bearing capacity, were observed in Group 2, where a 5 mm diameter defect was created in the metaepiphyseal region of the femur. Due to these favorable outcomes, this localization was selected for further investigation.
Stage II Findings: The results from Stage II demonstrated that the use of PRP combined with heat-treated Marburg bone graft significantly enhanced bone formation compared to the group treated with bone graft alone and the group where no graft material was used. The group treated with PRP showed a larger area of newly formed bone, higher radiological scores, and increased bone density (based on CT scans) on days 14 and 30 compared to the group without PRP. Statistically significant differences (p<0.05) were found between the groups. Moreover, more extensive proliferation of mature bone tissue integrated with the graft was observed in the PRP group, alongside the presence of chaotically arranged Haversian canals and expanding horizontal bone trabeculae.
The combination of PRP with Marburg bone graft (ICG + PRP) significantly stimulated early-stage angiogenesis, leading to higher vascular density in the defect area (p<0.05). While this effect diminished over time, it remained more pronounced than in the group with only bone graft and particularly the No-fill group, which showed minimal vascularization throughout the study.
Histopathological analysis at days 14 and 30 revealed that the group treated with PRP exhibited more favorable bone graft remodeling, with improved graft viability and a higher proportion of mature bone matrix compared to the group treated with bone graft alone (p=0.0001). PRP appeared to reduce resorption of the heat-treated bone graft, enhance integration with newly formed bone, and accelerate the remodeling process (p=0.0001).
Conclusions:
1) The experimental modeling of bone defects revealed that a 5 mm diameter defect in the femoral metaepiphysis resulted in a more favorable postoperative course, with significantly fewer complications, such as fractures and reduced limb bearing capacity, compared to defects in the femoral diaphysis (p=0.001), ulna (p=0.001), and radius (p=0.001).
2) The developed technique for using Marburg bone grafts combined with PRP, along with the minimally invasive implantation device, allows for effective impregnation of the graft with PRP and minimally traumatic, efficient filling of the bone defect.
3) Comparative radiological analysis showed that the combination of Marburg bone graft with PRP improved bone structure recovery in the defect area at days 14 and 30, and increased bone density at days 14, 30, and 60 (p=0.0001).
4) Comparative histological analysis revealed that the use of Marburg bone graft with PRP resulted in a 39.8% increase in bone area (p=0.0001) and a 2.4-fold increase in neovascularization on day 14, with a 1.5-fold increase by day 30, compared to the bone graft-only group.
5) Histomorphometric evaluation indicated that the combination of Marburg bone graft and PRP accelerated bone graft remodeling, improved graft survival, and enhanced graft integration with the surrounding bone at day 14 (p=0.0001) compared to the bone graft-only group. This trend continued through day 30, with complete closure of the defect by mature bone tissue at day 60 in the PRP group, in contrast to the presence of fibrous tissue and areas of immature bone matrix and osteoid tissue in the group without PRP.
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