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ANNOTATION
This study focuses on optimizing exosome extraction and modification methods to improve their purity, stability, and biomedical applicability. Exosomes were extracted from the supernatant of umbilical cord mesenchymal stem cells using ultracentrifugation and dialysis ultrafiltration. Comparative analysis revealed that ultracentrifugation yielded exosomes with higher purity, consistent particle size, and strong expression of specific markers (TSG101 and CD9), making it the preferred extraction method.
Exosome liposomes were successfully prepared using ultrasound and thin-film dispersion methods. The ultrasound method, particularly at an optimal amplitude of 23%, achieved efficient fusion of exosomes and liposomes, as confirmed by fluorescence resonance energy transfer (FRET) technology. This method also retained the specific markers of exosomes (TSG101 and CD9).
In stability tests, exosome liposomes prepared by ultrasound demonstrated superior physical and biological stability under short-term storage at 4°C, maintaining consistent particle size, PDI, and Zeta potential, while promoting better cell proliferation compared to thin-film dispersion. The degradation rates of exosome-specific markers were lower for ultrasound-prepared liposomes, supporting their enhanced functional stability.
Overall, the study proposes ultracentrifugation as the optimal exosome extraction method and ultrasound (23% amplitude) as the preferred approach for preparing stable and functional exosome liposomes. These findings provide valuable insights for enhancing the biomedical applications of exosomes.

The thesis is presented in 81 pages and includes 9 tables, 27 figures, and a technological scheme. References to 125 sources are provided.
Keywords: exosomes, ultracentrifugation, ultrasound, thin-film dispersion, liposomes, biomedical applications, stability.

АНОТАЦІЯ
Дане дослідження присвячене оптимізації методів екстракції та модифікації екзосом з метою підвищення їх чистоти, стабільності та біомедичної застосовності. Екзосоми були отримані із супернатанту мезенхімальних стовбурових клітин пуповини за допомогою ультрацентрифугування та діалізного ультрафільтрування. Порівняльний аналіз показав, що метод ультрацентрифугування забезпечує отримання екзосом із вищою чистотою, однорідними розмірами частинок і вираженою експресією специфічних маркерів (TSG101 і CD9), що робить його пріоритетним методом екстракції.
Ліпосоми екзосом були успішно підготовлені за допомогою ультразвуку та методу тонкошарової дисперсії. Ультразвуковий метод, особливо при оптимальній амплітуді 23%, забезпечив ефективне злиття екзосом із ліпосомами, що підтверджено технологією резонансного переносу енергії флуоресценції (FRET). Цей метод також дозволив зберегти специфічні маркери екзосом (TSG101 і CD9).
У тестах стабільності ліпосоми екзосом, підготовлені методом ультразвуку, продемонстрували вищу фізичну та біологічну стабільність при

короткостроковому зберіганні за температури 4°C, підтримуючи стабільний розмір частинок, PDI і Zeta-потенціал, а також краще сприяли проліферації клітин порівняно з методом тонкошарової дисперсії. Рівень деградації специфічних маркерів екзосом був нижчим у ліпосом, підготовлених методом ультразвуку, що підтверджує їхню вищу функціональну стабільність.
Загалом, дослідження пропонує ультрацентрифугування як оптимальний метод екстракції екзосом, а ультразвуковий метод (амплітуда 23%) — як пріоритетний підхід для створення стабільних і функціональних ліпосом екзосом. Ці висновки надають цінні інсайти для вдосконалення біомедичного застосування екзосом.
Дипломну роботу викладено на 82 сторінці, включає 9 таблиць, 27 рисунків та технологічну схему. Наведено посилання на 125 джерел літератури.
Ключові слова: екзосоми, ультрацентрифугування, ультразвук, тонкошарова дисперсія, ліпосоми, біомедичне застосування, стабільність.
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[bookmark: INTRODUCTION]INTRODUCTION
Exosomes (EXO) are a class of nano-sized vesicles that can mediate the transfer of information molecules in the body. Previously, exosomes were mistakenly considered to be "excess substances" in cell life activities [1]. However, with the continuous deepening of research, the role of exosomes as "messengers", biomarkers, and drug delivery tools has gradually emerged. Exosomes contain a variety of bioactive compounds such as proteins, microRNAs, lipids, and DNA fragments [2], which play a key role in the interaction between different cells [3-4]. The known biological functions of exosomes include regulating the transcription and translation of receptor cell genes, regulating cell metabolism and proliferation, promoting angiogenesis and wound healing, participating in the immune regulation of the central and peripheral systems [5], and participating in cell apoptosis and differentiation. Different types of cells can release exosomes. Under normal physiological conditions, exosomes can also be isolated from blood, urine, milk, and bronchial lavage fluid [6]. However, the ability to isolate and extract stable, efficient, and high-purity exosomes is a prerequisite for exploring the functions of exosomes, and is also an important technical problem that currently restricts research in this field. Therefore, it is necessary to explore a suitable method for extracting exosomes from cell supernatant to lay the foundation for subsequent experimental research and clinical application.
Currently, the most critical factors affecting the biological activity and storage quantity of exosomes are storage temperature and storage time, because the biologically active proteins in exosomes gradually degrade with the increase of temperature and storage time [47-49], which is very unfavorable for the reproducibility of research involving exosome content and function [50].
For this reason, most studies have focused on the effects of different storage conditions on the quality of exosomes. Lee [51] studied the effects of different temperatures on the stability of exosomes under short-term and long-term storage, and investigated the effects of different storage temperatures and times on

exosomes using exosome-specific markers, RNA concentration expression and exosome dispersion as indicators. The results showed that storage at -70°C can reduce the degradation of exosome-specific markers and RNA. Cheng [52] stored exosomes at different temperatures, pH, and freezing cycles, and took them out after a period of time to detect their particle size, exosome-specific marker expression levels, and conducted cell uptake experiments. The results showed that different storage temperatures, pH, and freezing cycles had little effect on exosome particle size. When stored at -80°C, the degradation rate of exosome-specific markers was slower and they were more easily taken up by cells. Some researchers also used Western blot to detect specific markers of urine-derived exosomes [53] and cell supernatant-derived exosomes [54] to study the effects of storage temperature on exosomes. It is still confirmed that the optimal temperature for long-term storage of exosomes is below -70°C. Storage at this temperature can effectively inhibit the degradation of exosome bioactive proteins and reduce the loss of exosomes [55]. However, the morphology and particle size of exosomes stored at low temperatures will change to a certain extent[55], and for most factories, storage conditions below -70°C may be difficult to achieve during the extraction and transportation of exosomes.
Liposomes have the functions of protecting encapsulated drugs, slowing and controlling the release of drugs, and improving drug efficacy [56]. In addition, studies have shown that the stability of exosomes can be improved after the fusion of exosomes and liposomes [45]. Therefore, it is speculated whether the storage stability of exosomes can be improved by fusing exosomes with liposomes.
Therefore, The aim of the study to optimize exosome extraction and modification techniques by identifying the most effective method for high-purity exosomes and developing stable exosome liposomes using ultrasound and thin-film dispersion, providing new approaches for their biomedical application.
The main tasks of this work are as follows:
1. Extract exosomes from the supernatant of umbilical cord mesenchymal stem
32


cells using ultracentrifugation and dialysis ultrafiltration.
2. Detect the particle size, total protein concentration, and specific marker expression of exosomes extracted by the two methods using a nanoparticle size and Zeta potential analyzer, BCA method, and Western blotting technology.
3. Conduct a comparative analysis of the three indicators to determine the optimal method for exosome extraction.
4. Prepare exosome liposomes using ultrasound and thin-film dispersion methods.
5. Investigate the fusion effect of exosomes and liposomes using fluorescence resonance energy transfer (FRET) technology.
6. Evaluate the physical stability of exosome liposomes by analyzing particle size, PDI, and Zeta potential under short-term storage conditions.
7. Assess the biological stability of exosome liposomes using CCK-8 assays and Western blot analysis of specific exosome markers.
8. Compare the ability of exosome liposomes prepared by the two methods to promote cell proliferation.
9. Propose optimized methods for enhancing the stability and functionality of
exosomes for biomedical applications.
Study object — exosomes from umbilical cord mesenchymal stem cells.
Study subject — methods of exosome extraction and modification, their impact on exosome characteristics, and the stability and functionality of exosome liposomes.

SUMMARY
Based on the previous research on liposomes by the research group, combined with the research progress of exosomes at home and abroad, this study focuses on solving the problems of the extraction method of exosomes from cell supernatant, the preparation method of exosome liposomes, and the poor stability of exosomes stored at 4°C for a short period of time.
First, this experiment used dialysis ultrafiltration and ultra-high-speed centrifugation to extract exosomes from the supernatant of umbilical cord mesenchymal stem cells. The purity of the exosomes extracted by the two methods was compared by detecting the particle size, total protein concentration, and expression levels of exosome-specific markers TSG101 and CD9. The results showed that the exosomes extracted by ultra-high-speed centrifugation expressed exosome-specific markers TSG101 and CD9, and the expression level of CD9 was higher than that of dialysis ultrafiltration, and the particle size distribution was uniform. The exosomes extracted by dialysis ultrafiltration did not express TSG101. Therefore, it was concluded that the ultra-high-speed centrifugation method was suitable for the extraction of exosomes from cell supernatant, which pointed out the direction for the selection of methods for extracting exosomes in subsequent experiments.
Secondly, exosome liposomes were prepared by ultrasound and thin film dispersion with different amplitudes. The exosome liposomes prepared by the two methods were tested to see whether they expressed exosome-specific markers TSG101 and CD9 and whether the FRET effect occurred, to investigate whether the exosome liposomes prepared by the two methods were fused and to screen the optimal ultrasound amplitude. The results showed that both ultrasound (ultrasonic amplitude 23%) and thin film dispersion methods could prepare exosome liposomes that met the above two indicators. However, it is not possible to determine which method of preparing exosome liposomes by the two methods has an advantage in improving the stability of exosomes.

Finally, in this experiment, exosomes, exosome liposomes prepared by ultrasound method (ultrasonic amplitude 23%) and thin film dispersion method were stored at room temperature and 4℃ for 1-7 days to observe the changes in particle size, PDI and potential. In addition, exosomes, exosome liposomes prepared by ultrasound method (ultrasonic amplitude 23%) and thin film dispersion method were placed at room temperature (stored for 1 day) and 4℃ (stored for 1-5 days). The proliferation of human skin fibroblasts and the expression levels of exosome-specific markers TSG101 and CD9 in the three groups of samples were detected to investigate which method can maximize the stability of exosomes. The results showed that the particle size of the HC group was relatively stable and the PDI value was good when stored at room temperature and 4℃; the PDI value of the HB group was greater than 0.3 when stored at room temperature and 4℃, indicating that the exosome liposomes prepared by this method had poor dispersibility. The EXO, HC, and HB groups lost their ability to promote the proliferation of human skin fibroblasts after being stored at room temperature for 1 day. After being stored at 4°C for 1-5 days, the HC group was superior to the EXO and HB groups in promoting the proliferation of human skin fibroblasts. The degradation rates of TSG101 and CD9, the specific markers of exosome liposomes prepared by ultrasound, were lower than those of exosome liposomes and exosomes prepared by thin film dispersion within a certain period of time.
Stem cell-derived exosomes have great potential for regeneration, but low yield and harsh storage conditions limit their clinical transformation. Based on the previous liposome-related research of the research group, this experiment used different methods to prepare exosome liposomes, successfully improving the stability of exosomes in short-term storage at 4°C, and providing a new idea for solving problems such as the transportation and storage difficulties of exosomes.
This experiment studied the changes in the physical properties and biological activity of exosome liposomes stored at room temperature and 4°C for a short period of time. Further related experiments are needed to explore the stability

of exosome liposomes stored at 4°C and room temperature for a long time.
Currently, exosomes are mainly identified based on particle size, appearance, and expression of specific markers. DLS technology[17] is usually used to detect the particle size distribution of exosomes. Due to different cell sources and extraction methods, the particle size of exosomes varies slightly, but is generally between 30-200 nm. [18]; the morphology of exosomes was observed using transmission electron microscopy [19], scanning electron microscopy [20] and immunoelectron microscopy [26]. Under transmission electron microscopy, exosomes showed a typical cup-shaped structure [22]; ELISA or Western Blot was used to analyze the expression of exosome-specific markers, including CD9, CD81, CD63, TSG101 and ALIX [23-24].
In this part of the experiment, ultra-high speed centrifugation and dialysis ultrafiltration were used to extract exosomes from the supernatant of umbilical cord mesenchymal stem cells. The DLS technology in the nanoparticle size and Zeta potential analyzer was used to detect the particle size of the exosomes, BCA was used to detect the total protein concentration of the exosomes, and Western Blot was used to detect the exosome specific markers TSG101 and CD9. The expression of was used as an indicator to compare the purity of exosomes extracted by the two methods and screen out the exosome extraction method suitable for cell supernatant.
Nanoparticle size and Zeta The results of the potentiometer test showed that the particle size of the exosomes extracted by ultracentrifugation was 169.03 nm, and the particle size of the exosomes extracted by dialysis ultrafiltration was 35.13 nm, both of which were within the particle size range of exosomes (30-200 nm). However, the particle size distribution of the exosomes extracted by dialysis ultrafiltration had mixed peaks and uneven diameter distribution, suggesting that the exosomes extracted by this method may contain other impurities. The diameter distribution of the exosomes extracted by ultracentrifugation was less different, and the sample homogeneity was good.
Western Blot results showed that the exosomes extracted by the two methods

expressed the specific marker CD9. The CD9 expression level of exosomes extracted by ultra-high-speed centrifugation was higher. The results of BCA showed that the total protein concentration of exosomes extracted by ultracentrifugation was lower than that by dialysis ultrafiltration. Combining the above two experimental results, it is suggested that the purity of exosomes extracted by ultracentrifugation is higher. Some researchers [25-26] also used BCA method to detect the total protein concentration of exosomes and the expression of exosome-specific markers as indicators to compare ultracentrifugation and other methods. The results showed that although the ultra-high speed centrifugation method takes a long time, it has a higher purity and is suitable for The results of this experiment are consistent with the extraction and separation of exosomes. It is speculated that during the dialysis process, some proteins with similar molecular weight to exosomes were not removed, resulting in The exosomes extracted by dialysis ultrafiltration are of low purity and contain other impurities. Some researchers [16] found that the purity of exosomes extracted by dialysis ultrafiltration was better than that by ultracentrifugation when extracting exosomes from urine, while the results of this experiment showed that the purity of ultracentrifugation was higher. It is speculated that different sample sources may cause changes in the purity of exosomes extracted by the same extraction method.
In summary, the particle size of exosomes extracted by the two methods was between 30-200 nm. However, the exosomes extracted by dialysis ultrafiltration did not express the exosome-specific marker TSG101, and the exosome purity was low. The ultracentrifugation method had good homogeneity, high purity, and expressed exosome-specific TSG101 and CD9, so ultracentrifugation was used to extract exosomes in the subsequent preparation of exosome liposomes.

[bookmark: CONCLUSIONS][bookmark: _bookmark46]CONCLUSIONS
1. Exosomes extracted via ultracentrifugation demonstrated higher purity and homogeneity compared to those obtained through dialysis ultrafiltration, with consistent expression of specific markers such as TSG101 and CD9. Dialysis ultrafiltration resulted in lower purity due to residual protein contaminants.
2. Exosomes extracted by ultracentrifugation had uniform particle size and strong expression of markers TSG101 and CD9, while those extracted by dialysis ultrafiltration showed inconsistent particle size distribution and lack of TSG101 expression, indicating lower quality.
3. Comparative analysis revealed that ultracentrifugation is superior in producing high-purity exosomes with consistent particle size and strong marker expression, making it the preferred extraction method for downstream applications.
4. Both ultrasound and thin-film dispersion methods successfully prepared exosome liposomes that retained specific markers (TSG101 and CD9). However, optimal ultrasonic amplitude (20%-23%) was critical for maintaining marker integrity and achieving effective fusion.
5. FRET analysis confirmed fusion between exosomes and liposomes, with the ultrasound method (23% amplitude) showing optimal results for achieving efficient fusion. Thin-film dispersion also facilitated fusion but required no amplitude optimization.
6. Exosome liposomes prepared by ultrasound demonstrated superior physical stability during short-term storage at 4°C, maintaining consistent particle size, PDI, and Zeta potential compared to those prepared by thin-film dispersion.

7. Ultrasound-prepared exosome liposomes exhibited better biological stability, retaining marker expression and promoting cell proliferation over a short-term storage period, compared to those prepared by thin-film dispersion.
8. Exosome liposomes prepared by ultrasound at 23% amplitude showed enhanced cell proliferation activity compared to those prepared by thin-film dispersion, suggesting superior functional performance.
9. The combination of ultracentrifugation for exosome extraction and ultrasound (23% amplitude) for liposome preparation provides an optimized approach for achieving stable and functional exosome formulations, facilitating their potential biomedical applications.
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