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Background: Extracellular vesicles derived from mesenchymal stem cells (MSCs-EVs) are nano-sized vesicles and have become key 
mediators in tissue engineering and emerging therapeutic agents in regenerative medicine. This study systematically assessed the 
global research trend of MSCs-EVs for tissue engineering through bibliometric analysis of literature from 2014 to 2024.
Methods: A comprehensive search of Web of Science retrieved 752 eligible articles. We visualized and further analyzed collabora
tion, co-citation, co-authorship and co-occurrence through VOSviewer and Citespace, focusing on their application and future 
development trends.
Results: Annual publications increased continuously, with China and the United States accounting for 48.9% and 19.1% of research 
output, respectively, accompanied by intensive transnational cooperation. China leads in number of publications, number of years, total 
citations, H index and collaboration. The evolution of research trends confirms that the current field of application has expanded from 
cellular repair to drug delivery systems and biomaterial integration. Keyword cooccurrence reveals three clusters of research: artificial 
editing of exosomes (membranes), drug delivery (drugs, nucleic acids), and regeneration mechanisms (bone morphogenesis, angio
genesis regulation). The International Journal of Molecular Science became the most influential journal, and Shanghai Jiaotong 
University was a leader in institutional productivity.
Conclusion: This study is the first comprehensive quantitative analysis of tissue-engineered EVs and details trends and advances in 
tissue-engineered EVs research within the field of regenerative medicine. It portrays recent frontiers and hotspots, providing valuable 
insights for researchers in this particular area of research.
Keywords: extracellular vesicles, exosomes, mesenchymal stem cells, tissue engineering, regenerative medicine, bibliometrics, 
visualization

Introduction
Tissue Engineering (TE) is an interdisciplinary field that combines principles of biology, medicine, and engineering to 
design biological substitutes to maintain, restore, or improve tissue function and is an important component of 
regenerative medicine.1–3 Seed cells, as one of the three elements of tissue engineering, provide the necessary cell 
source for constructing tissues and organs.4 In recent years, mesenchymal stem cells (MSC) have shown great potential 
as hot spot cells in regenerative medicine research in the fields of tissue repair, immune regulation and disease therapy.5 

For example, umbilical cord MSCs have been shown to improve the progression of cartilage degeneration in osteoar
thritis through mitochondrial transfer.6 However, clinical data show that MSCs survive less than 10% after 
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transplantation and their paracrine function is susceptible to inhibition by oxidative stress in the recipient 
microenvironment.7 Therefore, there is a need to find more suitable tools on this basis. Extracellular vesicles (EVs) of 
MSCs origin are considered to be a good alternative to MSCs. Because they naturally carry mother cell bioactive 
molecules, such as miRNAs, cytokines) and nanoscale lipid membrane structures, they exhibit superior organ targeting 
and immune evasion capabilities, and have become emerging vectors for precision therapy.8 EVs derived from stem cells 
are heterogeneous and can be divided into exosomes, microvesicles and apoptotic bodies. Their contents depend on the 
cellular and environmental context of the parent cell. Exosomes, in particular, are being studied for biomarker and 
therapeutic purposes.9

A growing body of research confirms the role of MSC-EVs in regulating tissue regeneration. Due to its cell-free 
therapy and low immunogenicity, it shows great advantages in anti-inflammatory and immunomodulatory,10 reversing 
mitochondrial damage,11 osteoarthritis,12 corneal therapy13 and other fields. Despite the many advantages of natural 
MSC-EVs, their clinical application remains constrained by bottlenecks such as the limited efficiency of passive targeting 
and the inability to regulate drug loading.14 In recent years, the employment of engineering modification techniques has 
been explored as a means to enhance the therapeutic benefits of natural EVs. However, despite the rapid advancements in 
this field, a systematic evaluation and organization of existing knowledge remains deficient.

Although MSC-EVs show great potential for tissue engineering applications, the field of research is experiencing 
explosive growth, resulting in a large, fragmented and complex scientific literature.15,16 This rapid development makes it 
difficult for researchers to fully grasp the overall pattern, evolution path and research frontier of the field through 
traditional methods. Therefore, it is necessary to make a systematic and objective quantitative analysis of this field by 
using bibliometrics.17–19

This study aims to visualize the knowledge structure of the field, identify core authors, institutions and collaborative 
networks, analyze keyword evolution trends, and highlight current research hotspots and future directions.20 This will not 
only provide an efficient “domain map” for new researchers, but also provide data-driven decision support for senior 
scholars and scientific policy makers to jointly push the field in a deeper and more efficient direction.20

Therefore, to address the aforementioned challenges and bridge the existing research gaps, this study aims to conduct 
a systematic quantitative analysis of the literature on the application of MSC-EVs in tissue engineering from the Web of 
Science Core Collection using bibliometric methods. The specific objectives of this study are as follows: (1) to quantify 
and visualize the overall research trends in this field, including annual publication volume and collaborative networks 
among core countries/institutions and authors, in order to untangle the global distribution of research capabilities; (2) to 
map the foundational knowledge and intellectual structure of the field through co-citation analysis and keyword analysis, 
thereby identifying key publications and research themes; (3) to track the dynamic evolution of research hotspots through 
burst-term detection and timeline analysis, and to attempt to predict future research frontiers. Unlike existing traditional 
reviews, this study provides, for the first time, macro-level data-driven insights into this field, aiming to delineate its 
knowledge structure, trace developmental trajectories, and identify emerging frontiers, thereby offering objective 
decision-making support for researchers and promoting the structured development of this interdisciplinary field.

Materials and Methods
Search Strategy
Literature searches were carried out via Web of Science (https://www.webofscience.com/wos/woscc/basic-search) to 
obtain sufficient and efficient coverage. A comprehensive search was conducted of articles published between January 1, 
2014 and December 31, 2024, inclusive. The specific search formula ((TS= (tissue engineering)) AND TS= 
((Extracellular vesicles) OR (Exosomes))) AND TS= (mesenchymal stem cells) was applied to database. We narrowed 
the search results by limiting the document type to articles and reviews. After merging the results and removing 
duplicates using reference management software (Zotero), the language of inclusion in the article was restricted to 
English. Finally, the combined dataset was subjected to manual screening, where articles unrelated to the research content 
were removed manually.
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Data Analysis
To compare research contributions more effectively, we have combined England, Scotland, Wales, and Northern Ireland 
into the “United Kingdom”, to make statistical analysis more in line with international practices. The Sankey Diagram to 
show the relationship between institutions, keywords, and countries, with the width of the connecting line indicating the 
traffic size.

The VOSviewer software (version 1.6.19) imported bibliographic data, including citations, references, abstracts, 
keywords, and other information, and it was used to generate visual collaborative, co-cited, co-occurring network views. 
In our study, collaborative analyses of countries and institutions were conducted, along with co-citation analyses of 
citations, authors, and journals. In the comprehensive analysis of country/regional and institutional collaboration, a global 
collaborative network was carefully reviewed, focusing on publications with at least 2 documents per country and 
academic institutions a minimum of 3 documents and a maximum of 20 organizations per document through VOS 
viewer. The co-author analysis focuses on authors who have published three or more articles, focusing on collaborative 
networks within the research community. For the country-based co-author analysis, countries with more than three papers 
were screened for follow-up studies. In The institutional co-authorship analysis, institutions with more than 3 documents 
were selected for subsequent analysis and visualization. Co-citation analysis was used by citation frequency ≥20 as 
threshold to screen high-impact literature as analysis unit, which is used to unravel complicated academic relationship 
network and determine groundbreaking or high-quality literature in the field. Citespace is a widely utilized bibliometric 
analysis software. In this study, version 6.3.1 of the software was employed to generate keyword cluster analysis plots. In 
this study, the keywords and references were analyzed to identify the strongest citation bursts over time. The evolution of 
knowledge in key areas within the discipline was demonstrated through timeline plots.

The R language (version 4.4.1), RStudio, and the R package “bibliometrix” (version 4.3.0) (https://www.bibliometrix. 
org) were used to parse the research in the field from multiple dimensions. A comprehensive co-citation analysis of 
journals using the Bibliometrix R package and adhering to the criteria of excluding journals with less than 20 citations 
yielded important insights. We designed three field plots, and annual production charts to show the different levels of 
posting in this area.

Strategic Daram is a visualization tool for revealing the distribution of topics in a research field, identifying research 
hotspots and emerging trends in the field, and helping researchers to quickly locate the key research directions in the field 
by quantifying the Densihy and Centrality of the topics and dividing them into different quadrants. The first quadrant 
(upper right): characterized by high centrality + high density; indicating core topics (mature hotspots in the field), 
the second quadrant (upper left): low centrality + high density; indicating siloed topics (internally tight but externally 
weakly connected), and the third quadrant (lower left): low centrality + low density; Marginal receding themes (low 
research attention), fourth quadrant (lower right): high centrality + low density; potential themes (emerging cross-cutting 
areas or cutting-edge directions).

In addition, Trending Topics Maps, thematic maps, and Lotka’s Law were used to analyze potential hotspots and 
research depth in the field. Author productivity was quantified by fitting the observed publication counts to Lotka’s 
inverse-square power law, a classical bibliometric model widely employed to describe the frequency distribution of 
scholarly output within a given research domain. The quantitative analysis of the publication was conducted using 
Microsoft Office Excel 2021.

Results
Overview of Global Literature
In the area of global scholarly output, a comprehensive review of the literature from 2014 to 2024 yielded 758 publications 
that met the established search parameters. Subsequent improvements to the corpus included the exclusion of online 
publications (1), meeting abstracts (1), editorial material (1), and along the removal of three non-English studies. This 
meticulous process culminated in the identification of 752 relevant studies, as shown in Figure 1. Compared with the existing 
literature, the unique contribution of this analysis lies in its objectivity and systematicness. It fills the gap of lack of large-scale 
data-driven analysis in this field, and provides cooperation network, topic evolution and frontier prediction information that 
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previous qualitative reviews could not provide. Analyzing the time course from 2014 to 2024, the global publication volume 
shows a consistent upward trajectory. The number of annual publications increases significantly, from 3 in 2014 to 176 in 
2024 (Table 1). This upward trend in publication volume has intensified over the past five years (2020–2024) in particular, as 
shown in Figure 2A. The number of publications is expected to reach 684 globally in 2050, as shown in Figure 2B.

In addition, the analysis of national and regional contributions shows a wide variety of international participation, 
with 60 countries/regions contributing to the literature in this area, as shown in Figure 2C. Of these, the top 10 countries/ 
regions are significantly dominant in terms of publication output. China led the way with a notable contribution of 368 
papers, accounting for 48.9% of the total publications, followed by the United States (144, 19.1%), Iran (59, 7.8%), India 

Figure 1 Flowchart of the screening of the retrieved publications for this bibliometric analysis. Purple blocks represent the remaining sections after each cull, while green 
blocks represent the culled literature. Numbers in parentheses are the corresponding number of publications. A total of 758 relevant publications were collected from 2014 
to 2024 After excluding 3 publications including online publication, meeting abstract and editorial material, a total of 755 publications were retrieved (including 348 articles 
and 407 reviews). Excluding 3 not in English language, 725 publications were finally identified.

Table 1 The Annual Number of Publications on Exosome Tissue Engineering from 2014 to 2024

Year 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

Publications 3 4 9 15 37 43 78 116 151 143 176
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(44, 5.8%), Italy (42, 5.6%), South Korea (34, 4.5%), the United Kingdom (26, 3.4%), and Germany (26, 3.4%), as 
shown in detail in Figure 2D, E and Table 2 (Detailed information can be found in Supplementary Table 1).

Quality of Publications in Different Countries/Areas
In the context of the total citation frequency analysis, publications from China showed the highest total number of citations 
with a total of 11,872 citations. The United States ranked second with 5801 citations, Iran with 1794, Italy with 1711, and 

Figure 2 Global trends and the contributions of countries/regions to the research field of extracellular vesicles for tissue engineering from 2014 to 2024. (A) The yearly 
count of publications related to extracellular vesicles for tissue engineering from 2014 to 2024. (B) A linear regression plot based on curve fitting of the global publication 
volume from 2014 to 2024, predicting that there will be a total of 684 articles published by the middle of 2050. (C) A world map illustrating the distribution of extracellular 
vesicles for tissue engineering from 2014 to 2024. The total (D) and yearly (E) number of publications in the top 10 most productive countries from 2014 to 2024 are 
analyzed.

International Journal of Nanomedicine 2025:20                                                                                   https://doi.org/10.2147/IJN.S549684                                                                                                                                                                                                                                                                                                                                                                                                 14889

Chen et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/article/supplementary_file/549684/549684%20Supplementary%20Material.docx


Australia with 1218, as shown in Figure 3A and Table 2. Furthermore, when examining the average citation frequency, 
publications from Australia were the leaders with an average citation frequency of 52.96. Italy follows with the second highest 
average citation frequency of 40.74. The United States (40.28), Germany (36.04) and France (32.65) also excel in this metric, 
as shown in Figure 3B. Furthermore, in terms of the H-index, a key indicator of research impact, publications from China lead 
with the highest H-index of 58. The H-index of the United States is 44, Italy 22, Iran 21, and India 18, emphasizing the 
significant research impact of these countries in this field, as shown in Figure 3C and Table 2.

Analysis of Country/Regional and Institutional Collaboration
The review (shown in Figure 4A) involved publications from 44 countries. China and the United States emerged as 
a dominant force, demonstrating high output areas and strong international cooperation, as evidenced by their apparent 
interaction with other countries. In terms of total link strength, the top five countries were the United States (109,107), 

Table 2 The Number of Citations in the Top Ten Countries by Volume of Publication (Detailed Information Can Be Found in 
Supplementary Table 1)

Country China United States Iran India Italy South Korea England Germany Australia France

Publications 368 114 59 44 42 34 26 26 23 20

General citation 11872 5801 1794 813 1711 657 505 937 1218 653

Average citation 32.26 40.28 30.41 18.18 40.74 19.32 19.42 36.04 52.96 32.65
H-index 58 44 21 18 22 14 11 16 14 12

Figure 3 A summary of the citation frequency of related publications worldwide to assess the quality of the publications. (A) The total citation frequency of each country in 
the top 10. (B) The average number of citations of published articles from different countries. (C) The enumeration and statistics of the highest H-index of the countries.
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China (321,59), India (39,38), Italy (30,35) and Iran (48,33). In general, cooperation between countries globally was 
close.

Further analysis, delineated in Figure 4B, was directed towards academic institutions. This survey covered 269 
institutions, and the institutions showing the maximum total link strength were Shanghai Jiaotong University (50 times), 
University of Tehran Medical College (35 times), Sichuan University (27 times), and Zhejiang University (27 times).

Figure 4C shows that China and the United States dominate this research field, with mesenchymal stem, extracellular 
vesicles, exosomes, in-vitro, stromal cells, delivery, differentiation, repair, bone-marrow, system-cells, angiogenesis and 

Figure 4 Mapping of countries/regions and institutions associated with extracellular vesicles for tissue engineering spanning from 2014 to 2024. (A) Examination of country/ 
regional collaboration utilizing Vosviewer. (B) Analysis of institutional collaboration using Vosviewer. Nodes represent countries/regions and institutions, varying in size based 
on the number of publications attributed to each. Connecting lines denote cooperation, with line thickness indicating collaboration strength; thicker lines denote closer 
cooperation. (C) Keywords plus 3-field graphical annotation for the analysis of extracellular vesicles for tissue engineering: 3-field plot of the countries/regions and 
institutions analysis: (middle field: keywords; left field: institutions; right field: countries/regions).
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other keywords occupy the core research in this field, sun yat sen university, zhejiang university, shanghai jiao tong 
universit, sichuan university, china medicaluniversity occupied the top five positions in this analysis.

Analysis of Co-Authorship by Authors, Countries and Institutions
The co-author analysis involved 214 authors, and as shown in Figure 5A, the best co-authors were identified based on 
their total link strength: Zhang, Y (41 times), Zhang, X (33 times), Liu, YS (30 times), Ravindran, S (28 times) and 
Huang, CC (27 times) (Table 3 and Detailed information can be found in Supplementary Table 2). This analysis 
emphasizes the importance of collaborative efforts in advancing research.

For the country-based co-authorship analysis, 40 countries were selected for review. The results of this analysis are 
encapsulated in Figure 5B. The United States emerged as the leader in co-authorship intensity, with 128 times the total 
link intensity. China followed with 73 times the total link strength. Other notable countries include Italy (44 times), the 
India (39 times), Iran (38 times), and Germany (36 times), all of which exhibit significant collaborative links in the 
research community (Table 4 and Detailed information can be found in Supplementary Table 3).

The institutional co-authorship analysis extends to 164 institutions. The findings shown in Figure 5C indicate that 
Shanghai Jiao Tong University has the highest total link strength at 51 times. Sichuan University follows with 33 times. 
Other institutions in the top five include Tehran Medical University (28 times), Shahid Beheshti University (22 times), 
and Sun Yat-sen University (21 times) (Table 5 and Detailed information can be found in Supplementary Table 4). 
Conducted at both the national and institutional levels, this comprehensive co-authored analysis underscores the 
interrelationships and collaborative efforts in the field, highlighting the strength of key players and their scientific 
networks.

Most Local Cited Authors survey, revealing their core contributions to the field of exosome tissue engineering. 
Figure 5D illustrates these findings, including the top 10 authors, with the most cited authors being Ravindran 
S (Citations= 66), Cooper LF (65), Huang CC (65), Lu Y (54), and Shirazi S (54).

As shown in Figure 5E, in the field of exosomal tissue engineering, the number of authors who have published one 
document is 3047, accounting for 84.9%, and the number of authors who have published more than or equal to 5 or more 
related documents is 39, accounting for 1.1% (10 for 5, 15 for 6, 7 for 7, 4 for 8, 2 for 9, and 1 for 19). The above data 
show that the distribution of research productivity in the field of exosome tissue engineering is more in line with the 
pattern of scientific research development “core-marginal” structure, ie, a few high-yield authors (core) contribute a large 
number of papers, and the majority of authors (marginal) publish only a small number of papers.

Analysis of Research Fields and Journals
A complex bimapping overlay depicting the journals associated with exosome tissue engineering has been carefully 
constructed and is presented in Figure 6A. The bimap overlay is a “panoramic map” that reveals the “Physics, Materials, 
Chemistry” at the heart of the field. In addition, “Ophthalmology” and its related subfields (such as “Ophthalmic” and 
“Ophthalmologica”) have appeared many times, suggesting the importance of ophthalmology in health research. 
Interdisciplinary disciplines such as “Molecular Biology, Genetics, Immunology” intersect closely with other disciplines, 
suggesting the development of this research field in the direction of interdisciplinary intersection and integration.

Figure 6B illustrates the scholarly publishing area, the journals that contributed to this study. International Journal of 
Molecular Sciences leads the cohort with a commendable number of 38 publications, followed closely by Frontiers in 
Bioengineering and Biotechnology with 37 publications, Stem cell Research and Therapy with 21, Journal of 
Nanobiotechnology, 20 publications, and Frontiers in Cell and Developmental Biology contributed 19 articles (Table 6 and 
Detailed information can be found in Supplementary Table 5).

As shown in Figure 6C, the co-citation analysis demonstrates the top ten cited journals. The frontier of the series is 
dominated by five journals; Stem Cell Research and Therapy (2292 citations), Biomaterials (2194 citations), International 
Journal of Molecular Sciences (1493 citations), Journal of Extracellular Vesicles (1299 citations) and Scientific Reports 
(1282 citations), with each journal demonstrating substantial citation impact.
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Figure 5 Network visualization of author collaboration analysis concerning extracellular vesicles for tissue engineering spanning from 2014 to 2024. (A) Author 
collaboration analysis conducted using Vosviewer. (B) Visualization diagram illustrating authorship-country analysis based on Vosviewer. (C) Network visualization diagram 
illustrating authorship- institutions analysis based on Vosviewer. Author collaborations are depicted by nodes, with the size of each node scaling in accordance with the 
number of collaborations. Collaboration relationships are represented by connecting lines between nodes. (D) Most local cited authors survey. (E) Author Productivity 
through Lotka’s Law.
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Analysis of Co-Citation
In order to elucidate the profile of seminal literature in the field, a complex co-citation analysis was conducted using 
VOSviewer, as shown in Figure 7A and B. The top five articles from 174 publications at the apex of this assessment 
highlight their strong total link strength, including Théry C’s 2018 publication in Journal of Extracellular Vesicles21 (123 
citations, total link strength=1889), Kalluri R’s 2020 work in Science22 (123 times, total link strength=1590), Dominici 
M’s 2006 publication in Cytotherapy23 (81 times, total link strength=540), Alvarez-Erviti l 2011 2011 in Nature 
Biotechnology24 (76 times, total link strength=1591), and Van Niel G 2018 in Nature Reviews Molecular Cell 
Biology25 (same 76 times, total link strength=1137). The information of the top 6–10 articles is shown in 
Figure 7B.26–30

Complementing this, the concept of “citation explosion” is a key indicator that highlights publications that have 
generated considerable interest over a given period of time, which we carefully analyzed using CiteSpace. This analysis 
ultimately identified the strongest citation bursts, led by Zhang S’s research,30 with a burst strength of 13.51 between 
2017 and 2021, followed by Zhang JY,29 cementing an understanding of the trends and foci in the research trajectory of 
the field,8,31–37 as illustrated in Figure 7C.

Keyword Co-Occurrence Analysis
Figure 8A shows the keyword co-occurrence network generated by VOSviewer. The network reveals key themes such as 
“regenerative medicine”, “biomaterials”, “wound healing” and “bone regeneration”. These themes indicate that current 

Table 3 Author Collaboration Analysis Conducted (Top 5) 
(Detailed Information Can Be Found in Supplementary Table 2)

Author Documents Citations Total Link Strength

Zhang, Y 21 671 41

Zhang, X 10 559 33

Liu, YS 6 409 30
Ravindran, S 8 470 28

Huang, CC 7 449 27

Table 4 Analysis of Author-Country Collaboration (Top 5) 
(Detailed Information Can Be Found in Supplementary Table 3)

Country Documents Citations Total Link Strength

United States 144 5801 128

China 377 11935 73
Italy 42 1711 44

India 44 813 39

Iran 59 1794 38

Table 5 Analysis of Author-Organization Collaboration (Top 5) (Detailed 
Information Can Be Found in Supplementary Table 4)

Organization Documents Citations Total Link Strength

Shanghai Jiao Tong Univ 35 1371 51

Sichuan Univ 29 861 33
Univ Tehran Med Sci 17 547 28

Shahid Beheshti Univ Med Sci 15 348 22

Sun Yat sen Univ 13 259 21
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Figure 6 Articles published in various journals on extracellular vesicles for tissue engineering from 2014 to 2024. (A) Dual-map overlay depicting journals relevant to 
extracellular vesicles for tissue engineering from 2014 to 2024. (B) Bibliographic analysis of journals utilizing VOSviewer. (C) Comprehensive co-citation analysis of journals.
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research is focused on the use of tissue-engineered EVs for tissue repair, drug delivery, binding to materials and wound 
healing.

Figure 8B highlights the top 10 keywords with the strongest citation bursts, indicating specific topics that have gained 
significant attention in recent years. Citation bursts for keywords like “myocardial infarction”, “periodontal ligament”, 
“surface”. The explosion of citations for keywords like “myocardial infarction”, “periodontal ligament”, “surface 
functionalization”, and “autophagy” suggests that tissue-engineered exosomes are well suited for use in different disease 
contexts as well as in different cytosolic and intracytoplasmic functional regions. The presentation of the timeline 
illustrates the shift of the field from the original phenotypic exploration of disease treatment to the exploration of specific 
mechanisms, for example, in recent years, studies have mostly explored whether it is chemical and molecular functional 
modification of the exosome surface to optimize its effects and achieve certain specific functions38,39 or mitochondria- 
mediated autophagy in target cells.40,41

The analysis extends to examine the shift in keywords over the decade from 2014 to 2024, as shown in the 
visualization in Figure 8C. This timeline reveals significant changes in keyword frequency over time, implying a shift 
in research focus. The change in keywords such as #0 wound healing; #1 osteoarthritis suggests that exosome tissue 

Table 6 Analysis of Published Journals (Top 5) (Detailed Information Can Be Found in 
Supplementary Table 5)

Source Documents Citations Total Link Strength

International Journal of Molecular Sciences 38 1518 10464

Frontiers in Bioengineering and Biotechnology 37 537 16018

Stem Cell Research and Therapy 21 1207 5037
Journal of Nanobiotechnology 20 705 5856

Frontiers in Cell and Developmental Biology 19 610 10636

Figure 7 Mapping of references in studies on extracellular vesicles for tissue engineering from 2014 to 2024. (A) Network visualization of reference analysis using 
VOSviewer. (B) Most local cited references. (C) Identification of the top 10 references exhibiting the most pronounced citation bursts in publications.
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Figure 8 Bibliometric analysis of active topics, keywords, and orientation in the future. (A) Co-occurrence analysis of keywords. (B) Identification of the top 10 keywords 
exhibiting the most pronounced citation bursts in publications. (C) The timeline map shows the evolution of research trends and keywords for different topics in the field 
between 2014 and 2024.
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engineering has a wide range of applications in the wound healing and osteoarthritic fields, and suggests that researchers 
in other disease specialties who want to develop tissue-engineered exosome therapeutic solutions for diseases in their 
field can refer to them. The keyword changes of #2 tissue regeneration and #4 drug delivery suggest that tissue- 
engineered EVs are hot in the field of regenerative medicine and drug delivery, which is more in line with the current 
research hotspots. Changes in the frequency of the keywords of #3 tissue engineering; #6 bone tissue engineering; #8 
cardiac tissue engineering reflect the wide application of exosomes in the fields of bone tissue engineering and cardiac 
tissue engineering in the past decade, in which researchers have invested great efforts.

Hot Spots and Trends in Research
As the use of EVs continues to expand, understanding the key research trends and hotspots in in vivo studies is critical to 
guide future research. In Figure 9A, publication counts and relative research interest indicate a significant upward trend 
in the number of studies on EVs, particularly over the past 5 years. This rise reflects the growing recognition of EVs as 
promising candidates for drug delivery and regenerative therapies. The corresponding increase in RRIs further empha
sizes the interest of the scientific community in RRIs.

Figure 9B shows the research hotspots and cutting-edge topics in the field of exosome tissue engineering. The 
combination with the field related to biomimetic nanoparticles is currently a mature hotspot in the field, and numerous 
researchers are involved in it. autologous chondrocyte implantation has also demonstrated more mature research results, 
but the communication between disciplines is not yet close, suggesting that we can continue to expand the cooperation 
between related disciplines to promote the development of this field. Alzheimers-disease and parkinsons-disease have 
also been widely used in the field of exosomal tissue engineering. At the same time, we acquired that biomaterials 
research is still a cutting-edge direction, and the fields of tissue regeneration and exosome delivery will develop into hot 
spots in the future.

The Trending Topics Map demonstrates the dynamic changes in research topics by integrating the time dimension 
with topic correlations. As shown in Figure 9C, “fibrosis”, “growth-factors”, “blood-brain-barrier”, “nanoparticles”, 
“hydrogel”, and “cells” are emerging technology trends in current research. Keywords such as “autologous chondrocyte 
implantation”, “promote tumor-growth”, “horizontal transfer”, etc. are emerging technologies. Keywords such as 
“autologous chondrocyte implantation”, “promote tumor-growth”, and “horizontal transfer” are recognized as declining 
areas, prompting researchers to seek breakthroughs and avoid over-reliance.

Discussion
Trend of Global Publications
In today’s era of information explosion, if you want to accurately grasp the industry’s development context and keep up 
with cutting-edge research results, you undoubtedly face more and more difficulties and challenges. In view of this, in 
order to efficiently and clearly present the global research in the field of “exosome research based on tissue engineering 
technology”, especially between 2014 and 2024, we decided to use the objective method of bibliometric analysis. The 
advantage of this method is that it can sort out and clarify the research frameworks in specific fields, and also make 
predictions about the future direction to a certain extent. It provides a clear “domain map” for researchers who are 
bogged down in a large amount of detailed literature. Indicating innovation paths: identifying gaps and weaknesses points 
the way for future experimental design, grant applications, and interdisciplinary collaboration.

Quality and Status of Global Publications
This study uses professional tools such as CiteSpace, VOSviewer and Bibliometrix R software packages to conduct in- 
depth bibliometric analysis and visualization of literature in this field. It is expected to provide valuable reference 
information and a new perspective for in-depth exploration of the development history of this field, accurately capture 
research trends, and keen insight into research hotspots. Through the analysis of 754 original documents and reviews, it 
was found that the number of documents involving EVs and tissue engineering technology increased year by year. Our 
findings indicate that the annual number of publications in the field of exosome tissue engineering has shown 
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Figure 9 Analysis of in vivo studies on MSC-derived exosome delivery trends and research hotspots. (A) Publication count and relative research interest over time. (B) The 
Thematic Map displaying the distribution and evolution of topics related to the study of Extracellular Vesicles in Tissue Engineering, sorted by degree of development and 
relevance. Horizontal axis: centrality, vertical axis: density. (C) The Trend Topics Chart shows the trend in the frequency of different terms used in tissue engineering 
extracellular vesicle research from 2016 to 2024, reflecting the evolution of research hotspots over time.
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a continuous upward trend between 2014 and 2024, as shown in Figure 2, with a particularly significant growth rate in 
the last five years, while the relative research interest (RRI) value has grown in parallel, suggesting that the academic 
attention and resource investment in this field has continued to expand. Globally, 44 countries and 269 academic 
institutions are involved in this research process, with China (48.9%) and the United States (19.1%) dominating the 
field, contributing a combined 68% of publications, and reinforcing its research impact through high-frequency interna
tional collaborations (eg, 380 total link strengths between China and the United States).

In order to clarify the academic impact and quality of research contributions in the field of EVs-derived tissue 
engineering in different countries, the focus was on in-depth analysis of the total citations, Average citations and H index, 
and the results are shown in Figure 3. China is leading among the countries with the highest total citation times of 11,872 
citations and the H index is the highest 58. The United States ranked behind by total citations and second in the H index. 
It shows China and the United States’ core position in this field and its outstanding scientific research image. 
Interestingly, Australia and Italy performed well in average citation rates, surpassing the United States and China, 
indicating that Australia and Italy played a key role in this specialized field. This phenomenon of high publications and 
high total citations in China is closely related to China’s continuous reform and innovation in scientific development.42 

However, China has shown a great disadvantage in the average number of citations, which may be because academic 
articles written in Chinese are affected by language barriers and communication path restrictions during the dissemina
tion process to the international academic community, which makes it difficult for international scholars to obtain and cite 
these research results, which in turn affects the number of citations. But this does not mean that the research results of 
Chinese articles are lacking in depth and breadth, but there are some areas that need to be optimized in the information 
dissemination process. On the other hand, China’s academic evaluation system tends to pay too much attention to 
quantity rather than quality, which has led some scholars to ignore the improvement of research quality in order to pursue 
quantity. Some scientific research institutions and academic institutions have relatively broad requirements for the 
quantity of articles published in terms of evaluation standards, which may reduce the strictness of quality control to 
a certain extent.43

Collaboration and Co-Authorship Analysis
By analyzing the cooperation situation by countries/regions and institutions, we can clearly grasp the global research 
distribution and pattern in specific fields. Collaborations often revolve around current research hotspots and frontiers, 
and by pursuing these collaborations we can clearly track research hotspots and frontiers. In addition, the parties to the 
cooperation often have higher research levels and strong scientific research capabilities, and their research results are 
more innovative and influential. In this study, as shown in Figure 4, we found that more than 44 countries worldwide 
participated in research in this field, among which China and the United States performed prominently in terms of 
research output and international cooperation. In addition, the relationship between institutions, keywords and 
countries is shown through Sangji map. It is found that China and the United States occupy a dominant position in 
the research field, with key words such as mesenchymal stem cells as the core research content, and some universities 
in China rank high in the analysis. Academic research is not an isolated individual behavior, but is constantly promoted 
on the basis of mutual communication and cooperation among researchers. By analyzing the co-authorship relationship 
between authors, various characteristics of academic cooperation can be excavated. As shown in Figure 5: Co- 
authority Analysis indicates that the author Zhang Y, China and the United States, Shanghai Jiaotong University 
have outstanding performance in cooperation and have high influence. The Most Local Cited Authors survey reveals 
that Ravindran S has the highest individual contribution in the field. In academic research, Lotka’s Law provides us 
with a classic perspective on understanding and quantifying author productivity. In the field of exosome tissue 
engineering, its research productivity distribution shows an obvious “core-edge” structure. This distribution pattern 
clearly reveals that a small number of prolific authors are the core force in this field and contribute a lot of research 
results. They often have significant advantages in terms of research depth, resource acquisition and academic influence, 
and can continuously produce high-quality academic papers. Most authors belong to marginal groups and publish only 
a few papers, which may be related to their limited research time, relatively scarce research resources or scattered 
research interests. The existence of this “core-periphery” structure reflects, on the one hand, the elite effect of 
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academic research, that is, a few top researchers lead the development direction of the discipline; on the other hand, it 
also reflects the competition and imbalance of resource allocation in the academic field, and at the same time provides 
the direction and goal for the new researchers entering the field, that is, how to move from the marginal group to the 
core researchers.

Research Frontiers and Hotspots
The New Direction from the Perspective of Bibliometrics
Keyword and strategy mapping analysis reveals that current research focuses on EVs for applications such as wound 
healing, bone/heart tissue engineering, and drug delivery, while emerging themes such as “biomimetic nanoparticles”, 
“hydrogels”, and “blood-brain barrier”, mark the beginning of a new era in EVs, “and emerging themes” such as 
“biomimetic nanoparticles”, “hydrogels”, and “blood-brain barrier” mark cutting-edge directions. Our keyword analysis 
revealed that the vast majority of studies focused on “efficacy validation” and “mechanism of action”, whereas research 
on “large-scale production” and “pharmacokinetics” remained relatively limited. This indicates that the field is currently 
transitioning from “phenomenological observation” and “mechanistic investigation” toward “translational application”, 
although the latter remains a significant bottleneck. Notably, MSCs have laid the theoretical foundation for the field 
through exosome-mediated paracrine mechanism (Baglio et al, 2012) and their transcellular communication ability 
(Chang et al, 2018), and it is expected that future research will continue to deepen around exosome functional 
modifications (such as surface engineering) and mechanism explorations (such as mitochondria-mediated autophagy) 
to promote regenerative medicine and precision therapeutic innovation breakthroughs. The above information reveals 
that tissue engineering technology combined with EVs has become a key research direction in regenerative medicine in 
the future.

Recent Achievements and Critical Analysis of MSC-EVs
As nanoscale biological vesicles, extracellular vesicles (exosomes), especially those derived from mesenchymal stem 
cells, have been extensively studied in the diagnosis, prevention and treatment of many diseases.44,45 To date, exosomes 
and extracellular vesicles have been shown to resemble the biological activities of MSCs, including anti-inflammatory, 
anti-apoptotic, and immunomodulatory activities, and are therefore considered an ideal cell-free therapeutic option.46 

Recent studies have further elucidated the functional roles and underlying mechanisms of EVs. For instance, extensive 
research has demonstrated that EVs are well-known for their direct involvement in regenerative and biological responses 
of target cells, as well as signal transduction. This is primarily attributed to their crucial role in intercellular commu
nication through the delivery of bioactive molecules, including microRNAs (miRNAs), proteins, and lipids.47,48 Upon 
transfer of certain nucleic acids from EVs to recipient cells, gene expression is altered, leading to the regulation of 
cellular proliferation, differentiation, and transcription.49,50 Furthermore, the beneficial effects of EVs in the regeneration 
and repair of the musculoskeletal system are largely ascribed to their ability to induce osteogenic differentiation, promote 
angiogenesis, and modulate immune responses.34,50

However, upon reviewing the existing body of research, we observe that the parental cells are specific, and the 
overall sensitivity of downstream signaling pathways varies under different experimental parameters. Moreover, 
current research trends have predominantly focused on evaluating only one or a few predetermined pathways or 
signaling factors. Consequently, it remains challenging to delineate the detailed mechanisms through which EVs 
induce tissue regeneration based on available evidence. Obstacles arising from batch-to-batch heterogeneity persist, yet 
this represents a critical direction for future investigation. Current vesicle isolation protocols may lead to the 
enrichment of multiple subtypes rather than a purified homogeneous population. Exceptionally, although the majority 
of studies support that exosomes promote angiogenesis,51,52 particularly under hypoxic conditions,53 research by 
Roberta et al54 demonstrated inhibition of endothelial cell migration and neovascularization within an inflammatory 
microenvironment. This discrepancy reinforces the concept of mesenchymal stem cells acting as environmental 
“sensors”. These findings underscore the necessity for future studies to place high emphasis on the coupling of 
temporal and spatial factors.
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Evolution of EVs Isolation Technologies
EVs’ isolation has undergone significant advancements, transitioning from an early “extensive” stage to the current 
“precise” stage.55 Initially, ultracentrifugation (UC) was predominantly used. Although capable of processing large 
sample volumes, UC often introduces contaminating proteins, and the high centrifugal forces can compromise EV 
integrity, leading to considerable variability and poor reproducibility in downstream analyses.56 To overcome these 
limitations, methods such as size exclusion chromatography (SEC)57 and polymer-based precipitation (eg, polyethylene 
glycol, PEG)58 were introduced during a transitional period. While these approaches improved purity, they often came at 
the cost of reduced yield and were time-consuming. Presently, the technology is leaping toward “precision, speed, and 
high purity”. Novel physical techniques, such as the EXODUS system, which utilizes negative pressure oscillation and 
dual-frequency lateral waves, enable ultra-rapid and high-yield isolation.59 Microfluidic chips allow for the manipulation 
of minute fluid volumes, facilitating high-throughput and automated EV capture.60,61 These devices can be integrated 
with downstream analytical modules, offering potential for clinical diagnostics and real-time monitoring. Furthermore, 
immunoaffinity and nanomaterial-based technologies leverage antibodies or specific nanomaterials (eg, magnetic 
nanoparticles)62 that bind to EV surface markers, enabling the “targeted fishing” of specific EV subpopulations. This 
greatly enhances the specificity and purity of isolation.63 These technological advances now allow researchers to obtain 
well-defined EV populations of single subpopulations. Consequently, different EV subpopulations can be studied with 
precision, much like pharmaceuticals, to elucidate their specific roles in tissue regeneration, which paves the way for 
designing more precise and effective “cell-free therapies”.

Revolution in EV Characterization Technologies
EV characterization has evolved from an initial stage of “visualization” to the current stage of “comprehension”, 
achieving a leap from physical property analysis to molecular-level profiling. Early efforts primarily focused on physical 
characteristics; techniques such as dynamic light scattering (DLS) and nanoparticle tracking analysis (NTA) provided 
information on EV “size” and “concentration”.64,65 In an intermediate phase, transmission electron microscopy (TEM) 
and atomic force microscopy (AFM) allowed visualization of EV “morphology” and “structure”.66 Today, the technology 
is advancing toward “multidimensional, single-vesicle level” molecular characterization. High-throughput omics tech
nologies—including proteomics,67,68 transcriptomics,69 and lipidomics69—can simultaneously resolve the composition of 
hundreds to thousands of molecules within a single EV, untangling their complex “cargo inventory”. Single-vesicle 
analysis technologies, such as single-vesicle RNA sequencing and ultra-sensitive protein detection platforms,69 enable 
the study of heterogeneity at the level of individual EVs, moving beyond the “average” characteristics of population- 
based analyses.70,71 This shift is analogous to progressing from observing the “forest” to examining each individual 
“tree”, allowing the discovery of critical information previously obscured by bulk data. These advances empower 
scientists to establish precise “composition-function” correlations. This enables researchers to, much like drug design, 
“customize” EV cargo through engineering approaches, thereby manufacturing tissue engineering products with more 
stable efficacy and clearly defined mechanisms.

Breakthroughs in EV Delivery Mechanisms
The understanding of EV delivery mechanisms has shifted from an early “bystander” phase to the current “intelligent 
courier” phase, marking a transition from natural uptake to engineered targeted delivery. Initially, scientists recognized 
that EVs could be naturally taken up by cells, but little was known about how they cross biological barriers (eg, the 
blood-brain barrier, BBB) or home to specific tissues. Current research focuses on understanding and harnessing the 
innate “homing” and “barrier-crossing” capabilities of EVs, while also employing engineering strategies to endow them 
with “targeted delivery” intelligence.72 Studies indicate that EVs derived from different cell types exhibit inherent tissue 
tropism. For instance, EVs from tumor cells preferentially return to tumor tissue.73 Through genetic engineering or 
chemical modification, “navigation devices” (eg, specific antibodies, peptides) can be installed on the EV surface, 
enabling precise targeting of diseased tissues or specific cells. Moreover, methods such as electroporation, incubation, or 
genetic engineering allow efficient “packaging” of therapeutic cargo—including drugs (eg, chemotherapeutic agents), 
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nucleic acids (eg, siRNA, CRISPR-Cas9), and even gene-editing tools—into EVs, transforming them into highly 
effective drug delivery vehicles. We will make the statement in the subsequent chapters.

Recent Achievements and Critical Analysis of MSC-EVs with Biomaterials
In recent years, research results on tissue engineering of EVs have been accumulating and EVs edited by tissue 
engineering techniques have been found to exert therapeutic effects on a wide range of disease research areas, 
including orthopedic diseases and bone tissue engineering fields, wound healing, oral diseases, and cardiovascular 
diseases.74–76 The introduction of engineered strategies for biomaterials has provided novel approaches to address 
challenges encountered in disease diagnosis and treatment. Scientists have turned their attention to bioactive scaffolds, 
utilizing them as carriers for EVs to achieve stable and sustained release. Based on this rationale, EVs can be 
incorporated into biomaterials through various mechanisms, directly or indirectly facilitating signal transduction in 
diverse regenerative processes.77 Tissue engineering technologies can provide scaffolds for EVs, for example, Li et al 
combined EVs derived from human adipose-derived stem cells (hASCs) with poly(lactic-co-glycolic acid) (PLGA) 
scaffolds to construct a new type of cell-free tissue-engineered bone and showed excellent potential for bone defect 
repair.27

In addition, biomaterials themselves possess robust functionalities, providing both physical and chemical support for 
tissue regeneration.78,79 To date, studies on biomaterial-mediated EVs therapy have emerged rapidly, demonstrating 
significant regenerative potential in tissue engineering.80 In fact, the selection of biomaterial carriers is also based on 
specific clinical application requirements. For bone tissue, scaffolds should exhibit favorable mechanical strength, while 
for soft tissue injuries such as wound healing, hydrogels are currently the mainstream choice.81,82 Indeed, some 
researchers have already noted subsequent challenges associated with combining biomaterials and EVs.83 For instance, 
EVs often cannot be uniformly loaded throughout bioactive scaffolds, particularly in the innermost regions.84 Moreover, 
few studies have verified the integrity of EV membranes after delivery, which is essential to attribute the observed 
functional outcomes specifically to EVs, thereby strengthening and supporting their findings. Pore parameters of 
bioactive scaffolds—such as optimal pore size and pore size distribution—often influence both mechanical properties 
and diffusion processes; however, no consensus has yet been reached on these characteristics. Furthermore, the long-term 
fate of biomaterials must also be considered.85

Recent Achievements and Critical Analysis of MSC-EVs with Engineering Technologies
Furthermore, tissue engineering techniques are employed to address the limitations of natural EVs—such as 
insufficient therapeutic efficacy, poor targeting capability, and inadequate local concentration—through genetic 
modification of parental cells,86 external environmental stimulation,87 and optimization of EV culture conditions. 
For instance, in the field of osteoporosis, Cui et al prepared an engineered exosome that not only realized the anti- 
osteoporosis function of traditional exosome, but also combined siRNA and targeted peptide parts, realizing the 
multiple therapeutic potentials of killing three birds with one stone.88 Xu et al used the exosome tissue engineering 
technology to solve the problem of the chondrogenic differentiation of the small molecule Kartogenin (KGN) in the 
synovial membrane of the synovial membrane MSCs, which could not play its physiological role. KGN formed 
a precipitate and could not play its physiological role, which led to the homogeneous dispersion of KGN in the 
cytoplasm, increased its effective concentration and strongly promoted the chondrogenesis of SF-MSC in vitro and 
in vivo, showing the advantages of tissue engineering in the field of exosome treatment of osteoarthritis.89 At the 
same time, tissue engineering technology also achieves the effect of localized intensive treatment: Song et al 
precisely utilized the principle of tissue engineering to achieve slow release and high local concentration of EVs 
at the wound to promote wound healing.90 Despite the aforementioned advantages of these technologies, the off- 
target effects of gene editing, the long-term consequences of genetic modifications, and the subsequent increase in 
costs due to technical complexity remain issues that require consideration.91 It should also be noted that precise 
control of external stimuli and inter-individual variability in stimulation efficacy often impede the maturation of this 
technology.92
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Future Development Trend
The Future of MSC-EVs
Rapid advances in tissue engineering technology have not only promoted the high efficiency of the extraction and 
characterization process of EVs, but also opened up completely new horizons for their functional studies. Due to the 
special properties of EVs, such as low toxicity, low immunogenicity, low biodegradability, the ability to encapsulate 
endogenous bioactive molecules and to cross part of the biological barriers, EVs have demonstrated a great potential for 
drug delivery in many diseases.93 As previously mentioned, significant challenges remain in the future development of 
engineered EVs. Beyond improving purity and specificity, increasing EV yield per unit time appears to be a more 
pressing challenge in the near future. The development of large-scale ultracentrifugation systems and the design of more 
user-friendly commercial EV extraction kits represent promising directions for scalable production of therapeutic EVs. 
Furthermore, there is an urgent need to further explore manufacturing processes compliant with Good Manufacturing 
Practice (GMP) to achieve stable and scalable production of homogeneous EVs.

The Future of MSC-EVs Combined with Biological Materials
Given their excellent biocompatibility and physicochemical properties, biomaterials such as hydrogels have been 
recognized as the most suitable carriers for EVs.94 In the field of tissue engineering, hydrogels can protect EVs from 
the in vivo environment, especially some harsh environments related to trauma and inflammation, and can be released 
slowly to reach the desired location.95 With the increase of cooperation in the medical-industrial crossroads, some 
magnetic materials and metal-organic frameworks have gradually attracted the attention of exosome researchers. Studies 
have shown that magnetic nanoparticles (eg, Fe3O4, γ-Fe2O3) have stronger osteogenic and angiogenic abilities 
compared with EVs secreted by bone marrow mesenchymal stem cells pretreated with a static magnetic field.96 In 
addition, Kang et al successfully combined Mg2+ with human adipose-derived stem cell-derived exosomes (hADSCs- 
Exos) and found that this Mg2+-based metal-organic framework promoted both osteogenesis and angiogenesis.97 

Multifunctional, smart or conductive hydrogels, nanoparticles, and the combination of research with engineering and 
mechanics will be a major hotspot for future research. The combination of these technologies not only enhances the 
potential for the application of EVs in basic research, but also provides new directions for clinical treatment.

The Future of Engineered-Modified MSC-EVs
Thanks to the unique editable nature and superior membrane penetrability of EVs, we have skillfully modified the 
membrane surface of EVs and their internal contents through innovative nanotechnologies, such as electroporation, 
sonication, extrusion, freeze-thaw cycling, and transfection, so as to enable them to acquire the active targeting ability for 
specific tissues or specific cell types,98,99 and thus they have been regarded as a highly promising tool for drug 
delivery.100 For example, the application of cartilage affinity peptides (CAPs) in the field of exosome repair in 
osteoarthritis has enabled EVs to deliver key molecules ground to deep cartilage regions.101 This targeted delivery 
based on ligand-receptor binding is currently the most recognized means of targeting by scientists. In addition, there are 
a number of other routes, such as pH gradient/ surface charge-driven targeted delivery based; and magnetically guided 
targeted drug delivery.102 The combination of these technologies with EVs is bound to cause a new upsurge in the field of 
exosomal drug delivery.

Although gene editing and modification strategies show great potential in the field of EVs, several critical issues must 
be addressed. A primary challenge is the development of more convenient and efficient methods to manage the complex 
biological process involved in loading transgenic cargo into parent cells and its subsequent transfer to derived EVs—a 
process that remains poorly understood. Before genetically edited EVs can be advanced into clinical applications, their 
safety and feasibility must be rigorously validated, particularly since viral transduction for overexpression of bioactive 
molecules may pose potential risks to host cells.

Meanwhile, although pre-conditioning and external stimulation strategies can enhance the tissue-regenerative capa
city of EVs, their effects are highly dependent on the type and concentration of exogenous compounds, as well as their 
mechanisms of interaction with cells. Future studies should focus on identifying more precise stimulation conditions to 
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avoid detrimental effects on cell viability caused by high concentrations or prolonged exposure, and to prevent alterations 
in parental cell phenotype, thereby ensuring consistent EV composition and therapeutic efficacy.

Clinical Transformation and Application
This study reveals an explosively growing trend and sustained high research enthusiasm, strongly indicating the immense 
clinical translation potential of stem cell exosome therapy. This study has identified currently leading research teams as 
well as several highly promising yet less interconnected independent teams, such as those from Sun Yat-sen University, 
Zhejiang University, and Shanghai Jiao Tong University. We recommend that researchers in the field, particularly early- 
career investigators, actively pursue cross-institutional and interdisciplinary collaborations with these teams to integrate 
diverse expertise and foster breakthrough achievements. Through analysis of highly cited literature, we found that most 
current preclinical studies have demonstrated significant potential in areas such as bone tissue engineering, drug delivery, 
and skin wound repair. These findings provide supporting evidence for prioritizing these indications in initial clinical 
trials.

Furthermore, several challenges remain in the clinical application of EVs, including standardized production of EVs, 
heterogeneity, source selection, and stability in vivo.103 The low yield of EVs makes it difficult to achieve large-scale 
production, which is critical for clinical translation and application. Existing separation methods such as Differential 
centrifugation and ultrafiltration, Exosome isolation reagent kit, Tangential flow filtration, etc., different laboratory 
separation methods are affected by human factors, all of which can affect the yield of exosome. Standardized production 
routes based on factors such as different exosome extraction methods are urgently needed to be developed and the 
standardized separation method for purifying EVs subtypes.104 In addition, storage issues of EVs limit their development 
and require the establishment of larger scale laboratories for their study. The repeated freeze-thaw process poses a great 
challenge to the activity of EVs.105 Therefore, future studies need to further explore how to optimize the preparation and 
application of EVs to fully exploit their potential in tissue engineering and regenerative medicine. Meanwhile, with the 
deeper understanding of EVs’ functions, more breakthroughs are expected to be achieved in the fields of disease 
treatment, drug delivery and individualized medicine. This has also led to continuous advances in tissue engineering 
techniques, including some minimally or even non-invasive therapeutic techniques. Unlike traditional invasive delivery 
modes (intravenous, intraarticular, intracerebral), nasal spray and topical microneedle delivery modes also exhibit good 
therapeutic capabilities.106,107 From the perspective of clinical translation, non-invasive or minimally invasive treatments 
are more likely to be clinically accepted. Continued research in this area will open up new horizons and opportunities for 
biomedical development.

Regarding the topic of “in vivo”stability, although systemic administration via intravenous injection is the most 
clinically accepted method, extracellular vesicles (EVs) exhibit a short and unstable half-life, ranging from several 
minutes to a few hours.108 Consequently, following intravenous administration, EVs are rapidly cleared from the 
bloodstream, necessitating repeated dosing and resulting in cumbersome operational procedures. Thus, the current 
administration strategy for EVs is highly dependent on the specific clinical application. However, whether administered 
systemically or locally, challenges such as rapid clearance “in vivo” and low bioavailability remain unresolved.

Although EVs are generally considered to possess superior biocompatibility and enhanced biosafety compared to 
traditional stem cell therapies, their complete composition, the interactions among their various components, and the key 
regulatory molecules and downstream signaling pathways remain incompletely understood. This lack of comprehensive 
knowledge may lead to unpredictable or adverse biological effects. Moreover, it is crucial to determine whether different 
EV modification strategies or modifications to parent cells may cause previously overlooked adverse reactions “in vivo”. 
Additionally, uncertainties regarding the biodistribution and bioelimination of EVs in the blood and various pathological 
microenvironments, as well as the optimal therapeutic dosage of EVs, may pose significant risks.

Limitations and Deficiencies
Inevitably, there are some limitations to this study, mainly due to the reliance on the WoSCC database, which excludes 
important sources such as Scopus and PubMed, and may miss some key studies. This limitation may result in the 
inadvertent omission of critical research and findings that are not indexed in the included databases or published in 
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languages other than English. In addition, focusing only on original articles and reviews may have overlooked other 
relevant publications, leading to gaps in the understanding of EVs in tissue engineering. Relying on citation counts may 
also lead to bias in research impact, as new studies may not have received enough citations. Furthermore, this 
bibliometric analysis lacks literature data from before 2014 and the most recent publications, which may result in an 
incomplete dataset. Early records might be missing from the database due to technological limitations or the immaturity 
of online publishing tools at the time, potentially leading to omissions. Although we expanded the search by including 
“Exosomes” as a keyword to enhance the breadth of the study, issues such as mislabeling, under-labeling, inaccurate term 
selection, or the use of overly broad terms in keyword indexing often reduce the scientific accuracy of topic representa
tion and may affect the validity of bibliometric statistical analyses.

Therefore, future studies should consider incorporating multiple databases and publications in various languages, 
supplementing with grey literature not covered by major databases, developing AI-assisted automated tools for literature 
screening and data cleaning, and integrating bibliometric analysis with narrative reviews as well as other emerging 
methodologies to comprehensively elucidate the potential applications of tissue engineering technologies in EVs.

Conclusion
In summary, this study employed literature from the Web of Science database and Scopus database a and employed 
various visualization tools, including GraphPad Prism 8, VOSviewer, CiteSpace, Bibliometrix R package, and Scimago 
Graphiga to investigate the field of tissue engineered EVs trends and areas of focus. Statistical analyses of publications, 
countries, institutions, authors, journals, references and keywords were performed with the aim of providing researchers 
with a more comprehensive understanding of the evolutionary path and research priorities in this particular field. In 
addition, the study explores future trends and hotspots in this field, including exosome editing, drug delivery, and tissue 
regenerative repair. Our proposed shortcomings and limitations of research in the field of exosome tissue engineering will 
be of great promise and significance for further exploration of the exosome field.
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