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Background: The application of bioprinted hydrogels in the field of bone regeneration is garnering increasing attention. The objective of this study is to provide a comprehensive overview of the current research status, hotspots and research directions in this field through bibliometric methods, and to predict the development trend of this field.Methods: A search was conducted on 27 December 2024, for papers published on the Web of Science from 2010 to 2025. We used the bibliometrix package in the software program R to analyze the retrieved data and VOSviewer and CiteSpace to visualize hotspots and research trends in bioprinted hydrogels for bone regeneration.Results: We identified and reviewed 684 articles published in this field between 2010 and 2025. A total of 811 institutions and 1,166 researchers from 41 countries/regions contributed to these publications. Among them, China led in terms of the number of articles published, single-country publications (SCP), and multi-country publications (MCP). Our bibliometric-based visualization analysis revealed that the mechanical properties and osteogenic differentiation capacity of biomaterials have been a focal research topic over the past decade, while emerging research has also concentrated on the in vitro fabrication of stem cells for bone regeneration and osteogenic differentiation, particularly the precise application of in situ stem cell-loaded bioprinted organoids.Conclusion: This study provides an in-depth analysis of the research trajectory in the application of bioprinted hydrogels for bone regeneration. The number of research papers in this field is increasing annually, and the main research hotspots include bone regeneration, 3D printing, scaffolds, and hydrogels. Future research directions may focus on gelatin, additive manufacturing, and growth factors. Additionally, international collaboration is essential to enhance the effectiveness of bioprinted hydrogels in bone regeneration applications.Keywords: bibliometric, bone regeneration, tissue engineering, hydrogel, bioprinting
1 INTRODUCTION
The skeleton is a critical organ that provides structural support and facilitates movement within the body (Song et al., 2024). The primary etiologies of bone defects are fractures resulting from accidents and sports activities, resection of osseous tumors, and revision of prosthetic devices (Song et al., 2024). With the development of biomedical engineering, scientists are gradually focusing on treating bone defects through bone tissue engineering. An increasing number of researchers have conducted multidimensional studies on the human skeleton to identify effective therapeutic strategies for bone defects (Rosset et al., 2014), such as autologous bone grafting, allogeneic bone grafting, and a the use of artificial bone scaffolds (Zhu et al., 2017). Currently, autologous bone grafting is considered the “gold standard” for treating bone defects (Keating et al., 2005). However, autologous bone grafting is limited by bone volume, risk of infection, potential for secondary injury, and chronic pain (García-Gareta et al., 2015). Allogeneic bone grafts are also associated with complications such as infection and immune rejection (McEwan et al., 2018). Therefore, a less invasive treatment strategy that can consistently support bone regeneration over time is needed. Bone tissue engineering encompasses the application of in vitro cultured cells or growth factors onto biocompatible scaffolds, which are then deployed to target bone defects. This approach facilitates the release of cells and growth factors, promoting osteoblast proliferation and bone tissue regeneration (Shan and Wu, 2024). The selection of biomaterials, such as polymer scaffolds, bioactive glass, and hydrogels, is crucial for the success rate in healing bone defects. Key properties include excellent biocompatibility, biodegradability, high mechanical strength, and the ability to support cell adhesion and growth (Albrektsson and Johansson, 2001). Regarding the materials used for bone generation, the current focus is on metal, bioceramic, and polymer scaffolds (Wang et al., 2020). Metallic materials such as stainless steel, cobalt-chromium alloys, and titanium alloys are widely used in orthopedics and dentistry due to their exceptional mechanical strength (Iatecola et al., 2021); however, their poor biodegradability prevents them from being used as carriers of cells or growth factors in the field of bone regeneration (Tzagiollari et al., 2022). Bioceramic scaffolds, such as calcium phosphate (CaP), calcium sulfate, and calcium silicate (Wang et al., 2020), have entered the orthopedic field owing to their good biocompatibility, corrosion resistance, and low cost. Nevertheless, their inadequate fatigue resistance prevents them from serving as long-term bone tissue support within the human body. Therefore, hydrogels stand out among many biomaterials owing to their cell-loaded and tunable mechanical properties (Yue et al., 2020), and they have emerged as a significant component in regenerative medicine (Liu and Hsu, 2018).
Hydrogel is a polymer with a three-dimensional mesh structure, and its properties such as biocompatibility, nontoxicity, and degradability have led to a wide range of biomedical applications, such as wound dressings, contact lenses, and biosensors (Ortega et al., 2023; Cao et al., 2021). Polymer networks can be molded into three-dimensional structures with different porosities; therefore, they can provide constructive microenvironments suitable for controlled cell growth (Muir and Burdick, 2021; Zhang Y. et al., 2020; Oliva et al., 2021). Hydrogels have become excellent bioinks for bioprinting because of their high water content and three-dimensional mesh structure, which minimizes the shear stress on cells (Bertsch et al., 2023). Moreover, the high water content makes hydrogels highly permeable and porous, enabling the rapid diffusion of balanced oxygen and nutrients (Chimene et al., 2016). The tunable properties of hydrogels permit the adjustment of their mechanical strength to align with the specific demands of the target tissue (Li et al., 2018), enhancing applicability. Bioprinted hydrogels have become an important technology in the field of bone regeneration because their internal network structure can be modulated by changing the external geometry and volume of the scaffold to achieve dynamic drug delivery and fostering osteoblast development within the human body (Wan et al., 2020). As Figure 1 shows, hydrogels have a wide variety of applications in the bone regeneration field (Nie et al., 2019). With fractures, hydrogel scaffolds accelerate bone healing by releasing growth factors and have emerged as bone graft substitutes (Chen L. et al., 2023; Kolambkar et al., 2011). Hydrogels can utilize their degradation properties for the sustained release of drugs to enhance patients’ bone density and treat osteoporosis symptoms (Gong et al., 2022; Ding et al., 2023). Hydrogels serve as joint lubricants, effectively treating conditions such as osteoarthritis (Vinikoor et al., 2023; Duan et al., 2023). In minimally invasive surgery, hydrogels can be administered via injection to completely fill and address bone defect cavities (Ghandforoushan et al., 2023). Moreover, hydrogels are important for targeted drug delivery to inflammatory bone lesions (Xie et al., 2022; Kuo et al., 2023). With the rapid development of printing technology, bioprinting hydrogel combines cells with hydrogel ink to create tissue-like structures through 3D printing technology, providing a good environment for human tissues and cells to grow and develop (Zhu et al., 2022). Although hydrogels are somewhat uncontrollable in terms of degradation properties, drug release rate and mechanical properties, researchers in various fields are constantly trying new syntheses to achieve the stability of various properties of hydrogels. Currently, bioprinted hydrogels are predominantly utilized in the fields of skin tissue engineering (Zhou et al., 2020), cardiovascular tissue engineering (Sousa et al., 2021) and bone tissue engineering (Zhang J. et al., 2020). Among them, in order to achieve high mineralization of bone tissue and proliferation of cellular diversity. Researchers are also continuously developing hydrogel bioinks that can match the biological properties of bone tissue. Tavares et al., 2021 used a GelMA/MSN CaP Dex hydrogel as a bioink to fabricate three-dimensional bone tissue containing osteogenic tissue using extrusion-based 3D printing technology. Cidonio et al. (2020) accomplished the in vitro and in vivo growth of bone mineral tissue by utilizing Laponite®-alginate-methylcellulose casting of human bone marrow stromal cells as a biocarrier. Yuan et al. (2021) used photo-crosslinked methacrylated gelatin in combination with silica nanoparticles to achieve rapid diffusion of internal stem cells and improve the osteogenic efficiency of stem cells. With the rapid development of the additive manufacturing industry, the high resolution of bioprinting has led to it becoming the dominant manufacturing technology in the medical field (Mandrycky et al., 2016). This technique is extensively utilized in bone tissue engineering, regenerative medicine, and medical device applications (Wan et al., 2020). Three-dimensional (3D) bioprinting for treating bone defects has been the focus in the field (Zhang et al., 2019a). Furthermore, with the development of bioprinting technology, four-dimensional (4D) bioprinting has also been developed, which adds a temporal dimension to 3D bioprinting. Specifically, in 4D bioprinting, changes in temperature or pH over time stimulate the print (Kang et al., 2022), altering its mechanical properties to accommodate the growth patterns of autogenous bone (Suo et al., 2018), thereby offering new possibilities for the fabrication of irregular bone constructs in clinics (Murphy and Atala, 2014).
[image: Figure 1]FIGURE 1 | Hydrogels in bone regeneration.
The discipline of bibliometrics is widely used to predict the direction of development and research patterns in a particular field (González-Alcaide et al., 2017). It employs different methods to assess research trends and helps researchers identify influential articles in the field, thereby contributing to continuously optimize research innovations (Bertsch et al., 2023; Zhang et al., 2024; Chen S. et al., 2023). By analyzing data such as the number of publications and the number of citations, it provides a reference basis for researchers who are about to enter the field to formulate their research plans. Through analyzing the cooperation network between countries and organizations, it assists researchers in the rational allocation of resources. Meanwhile, the construction of a knowledge map can help scholars quickly grasp the hot topics and research directions (Figure 2). In recent years, there has been a steady increase in the number of researchers focusing on bioprinted hydrogels for bone regeneration. However, There is a significant gap in the quantitative analysis of scientific results in this field, particularly concerning research trends, research quality, and the identification of interdisciplinary research gaps from a historical perspective. The objective of this paper is to evaluate the research articles on the application of bioprinted hydrogels in bone regeneration worldwide over the past 15 years by using the Web of Science core database and bibliometric tools to assess the current state of research, collaborative development paths, leading countries and institutions, cited literature, and future development trends according to the information on the distribution of publications by country, authors, journals, and impact. It is expected to help the subsequent researchers to understand the current research status in this field, formulating the systematic research strategy, and fostering the rapid development of bioprinted hydrogels in bone tissue engineering. These findings may assist subsequent researchers in understanding the current research landscape in this field, formulating systematic research strategies, and fostering the rapid advancement of bioprinted hydrogels in bone tissue engineering.
[image: Figure 2]FIGURE 2 | Graphical summary.
2 MATERIALS AND METHODS
2.1 Search strategies
The Web of Science database covers the largest amount of literature in the medical field and is frequently utilized in bibliometric studies (Wang et al., 2022). We collected relevant literature from this database, focusing on the application of bioprinted hydrogels for bone regeneration. To ensure accuracy and consistency, we conducted a systematic search on 27 December 2024, for relevant literature included in the Web of Science database between January 2010 and March 2025. All retrievals were performed on the same day to prevent data bias due to updates in the Web of Science. Based on the previous statistics, we set the search strategy as follows: [(TS=(“print*” OR “bioprint*”) AND TS=(“hydrogel”OR“hydrogels”OR“gel”OR“gels”)) AND TS=(“bone regeneration*” OR “Osteoconduction”OR“bone repair*”OR“bone defect*”)]. Removing conference abstracts, book chapters, and reviews, we retrieved a total of 684 related papers.
2.2 Data collection and statistics
684 articles were imported into VOSviewer (1.6.19) and bibliometric analysis was performed using the bibliometrix package (4.1.3) in R (4.3.0). We used tools such as CiteSpace (6.3.1), VOSviewer (1.6.19), the bibliometrix package (4.1.3) in R (4.3.0), and PS (2020) to process, visualize, and analyze the data of the 684 documents collected from the Web of Science database. The counting method used for all analyses was full count. In addition, an online bibliometric analysis platform (https://bibliometric.com) was used to assist in the analysis of the intensity of cooperation between countries.
CiteSpace (6.3.1) is an analytical software program developed for bibliometrics that employs algorithms to automatically extract and analyze key information in a research area. The tool analyzes the scope and hotspots of research in a given field and identifies trends for improvement in related disciplines (Cheng et al., 2022). We used this tool to obtain citation biplot overlays to analyze keywords, references, clusters, and collaborative relationships between countries and institutions. We used the burst detector option to detect the first 30 keywords. VOSviewer (1.6.19) systematically collects and organizes basic information, including countries, institutions, authors, journal publications, and collaborative networks, and visualizes and analyzes the data (van Eck and Waltman, 2010). This software can extract the key information that researchers require from a wide range of literature to create co-citation and co-authorship networks (Chen et al., 2021). We used software to explore the temporal distribution and dynamic variability of keywords in the field and accurately reveal the evolutionary trends of hotspots in the research area. In order to analyze the research hotspots, the type of analysis was selected as co-occurrence, the unit of analysis was selected as keywords, and the analysis was carried out using the full count method.
The bibliometrix package (version 4.1.3) in R is a mapping tool designed for systematic analysis (Aria et al., 2021) that enables the mapping and analysis of country distribution maps, author publications, and keyword development. It also facilitates the identification of trending themes and milestones in the literature for publications in related research areas. The most relevant affiliations should be selected as options during the analysis. Thematic maps and factor analysis are employed to elucidate the components of the constitutional structure.
3 RESULTS
3.1 Analysis of most locally cited documents and sources in the field
3.1.1 Most locally cited sources
The 684 collected documents were analyzed in depth, which cited a total of 4,444 journals and were ranked according to the number of papers and the number of journals. The top ten journals in terms of the number of articles are shown in Figure 3A, with the most-cited journal being Biomaterials (3,488), which had far more citations than any other journal. This demonstrates that Biomaterials holds an authoritative position in the field of medical bioprinted hydrogels for bone regeneration and plays a significant role as trendsetters in the field.
[image: Figure 3]FIGURE 3 | (A) The number of citations and the top ten highly cited journals in this field from 2006 to 2024. (B) The number of citations of highly cited documents in this field and the top ten articles from 2006 to 2024.
3.1.2 Most locally cited documents
The most locally cited literature can help researchers who are new to the field quickly select the best literature to read. The author rankings were based on the number of citations in the literature on bone regeneration with bioprinted hydrogel. Figure 3B illustrates the top ten cited papers in the field. TURNBULL G et al., ’s 2020 article in Bioactive Materials, “3D bioactive composite scaffolds for bone tissue engineering” was ranked first in citations and cited 38 times in this research area, with a total of cited 914 times.
3.2 Analysis of affiliations and countries
3.2.1 Most relevant affiliation
A total of 811 research institutions, including universities, contributed to the literature published in the field. Table 1 lists the top 10 institutions in terms of the number of papers published, along with the name of the country where each institution is located. Supplementary Table S1 lists the top 10 authors with publications in the field. Sichuan University (SCU) in China ranked first with 92 research papers related to the application of bioprinted hydrogels in bone regeneration, followed by Shanghai Jiao Tong University (SJTU), also in China, with 53 papers. This demonstrates the outstanding research achievements of SCU and SJTU in the field of bioprinted hydrogels. The top 10 research institutions in this field are all affiliated with China, suggesting that Asia may be at a higher level of research in this field.
TABLE 1 | Top 10 most relevant affiliations.
[image: Table 1]3.2.2 Corresponding Author’s country
For single-country publications (SCPs), all authors of an article are all from the same country, whereas for multi-country publications (MCPs), the authors of an article are from more than one country, indicating international collaboration. As shown in Figure 4A, we analyzed the SCPs and MCPs of the top 20 countries. An analysis of the statistics on the nationalities of the corresponding authors of the relevant literature shows that China dominates this research field, with the United States ranking second. Among them, China’s SCP value has a clear gap with the United States, while China ranks first for MCPs. These data suggest that China is capable of conducting research in this field relatively independently and possesses a strong capacity for international cooperation. This result also corroborates those for major research institutions with the most relevant affiliations, with countries with a higher number of major research institutions also having more corresponding authors than other countries.
[image: Figure 4]FIGURE 4 | (A) Top 20 most productive countries. (B) Cooperation networks in countries around the world.
3.2.3 Analysis of the cooperative relationship between countries
We filtered and visualized international cooperation based on the number of publications, constructing a network of cooperation based on the number of publications and relationships between countries. As shown in Figure 4B, the size of the circle radius indicates the country’s contribution to the number of papers in the field, the color of the circle indicates the intensity of the country’s cooperation, and the density of the lines around the circle indicates the number of collaborations between that country and other countries. The highest density of the lines indicates that the country is at the center of research in this field. Close cooperation has occurred between China and the United States, the United Kingdom, and Germany, while the United States has also engaged in productive cooperation with South Korea, the United Kingdom, and Iran, in addition to more cooperation with China.
3.3 Analysis of keywords and research hotspots
Keyword analysis can outline the research object, content, and hotspots within a research field by identifying the most frequent words in the field, which are central to academic papers. Supplementary Table S2 lists the top 10 keywords with the highest frequency in this field, and among the extensive literature, “bone regeneration”, “3D printing”, “scaffold” and “hydrogel” are the keywords that appear more frequently (Figure 5), indicating that bioprinted hydrogel scaffolds are the current research hotspot in the field of bone regeneration.
[image: Figure 5]FIGURE 5 | Wordcloud of the collection of literature keywords included in the study.
We analyzed the titles, subject headings, and abstracts of 684 papers to identify common phrases and determine their frequency of occurrence. As shown in Figure 6A, “scaffolds” (138) appears most frequently, which is consistent with the results of the word cloud search.
[image: Figure 6]FIGURE 6 | Analysis of keywords and Research Hotspots. (A) Top 10 most relevant words. (B) The keywords related to the application of bioprinted hydrogels in bone regeneration are divided into X clusters according to different colors. The size of the circle represents the frequency with which keywords appear. (C) The distribution of keywords is presented according to the average time of appearance. Purple keywords appear earlier than yellow keywords. (D) The timeline of clustering for keywords. (E) Map of keywords trend topics.
The keywords in the field were categorized into five clusters using VOSviewer, as shown in Figure 6B. Cluster 1 focuses on the development of 3D-printed hydrogel scaffolds in additive manufacturing. Cluster 2 mainly includes the application of cellular scaffolds in bone tissue engineering. Cluster 3 focuses on bio-inks such as hydrogels and the effects of biomaterials on cells in the microenvironment. Cluster 4 investigates the application of growth factors in the field of bone regeneration. Cluster 5 provides an overview of the current state-of-the-art research on 4D printing in the field of biomedical sciences.
We then further used VOSviewer to color-code all keywords based on the average publication year, revealing trends in the field over time and exploring upcoming innovation directions. By analyzing the keyword sequencing map (Figure 6C), we found that osteogenesis, microenvironment, hydrogel, and 4D printing are relatively novel and promising areas in the field of bone regeneration. Recently, researchers have combined bioprinted hydrogel technology with cell-loaded scaffolds to advance the field of bone regeneration by restoring microenvironmental homeostasis at bone defect sites.
Keyword clustering analysis reveals the main themes and development states of a particular research area (Zhong et al., 2020). CiteSpace was used to divide the keywords into 19 sets and generate a clustering timeline. As shown in Figure 6D, the keywords included “#0 3 d printing”“#1 alginate fiber”“#2 3d bioactive composite scaffold”“#3 3d-printed barium strontium”“#4 stem cell function”“#5 topical review”“#6 inert dental glass-ceramics”“#7 cell-patterned construct”“#8 vivo repair”“#9 enhanced toughness”“#10 organ engineering”“#11 beta tri-calcium phosphate”“#12 bactericidal activity”“#13 bone tissue”“#14 3 d-bioprinted osteoblast-laden nanocomposite hydrogel construct”“#15 injectable bmp2”“#16 nitride-based hybrid aerogel membrane”“#17 dicalcium phosphates bioceramics”and“#18 recent advancement”. That the result shows that “3D printing” is the most important research area for hydrogels in bone tissue engineering. To further confirm the accuracy of our results, we conducted a thematic analysis of keyword trends using R (Figure 6E). Keywords such as “microenvironment” “defect” “biomaterials” “cells” “osteogenesis” “scaffolds” have been emerging in the field recently, indicating their importance. In addition, “scaffolds” “mesenchymal stem-cells” “ vitro” “hyaluronic-acid hydrogels” and “biofabrication” are important parts of bone tissue engineering in long-term studies. The evolutionary trend of these themes is consistent with the results of our analysis above.
3.4 Thematic map
Each quadrant on the thematic map has a specific meaning. The horizontal axis (X-axis) indicates centrality, and the vertical axis (Y-axis) indicates density. Regarding the quadrant distribution plotted in this study (Figure 7), the first quadrant (upper right) focuses on the optimization of hydrogel scaffolds, suggesting a promising future for this area. The second quadrant (upper left) shows the preparation of hydroxyapatite, the mechanical properties of biomaterials and the study of composite scaffolds, suggesting that this topic is well-developed but less important in the field of bone regeneration. The third quadrant (lower left) focuses on the imminent rapid surge or imminent slow disappearance of the controlled release of nanoparticles. Finally, the fourth quadrant (lower right) is dedicated to in vitro manufacturing of stem cells for bone regeneration and osteogenic differentiation. While these directions have not yet achieved mature research results, they hold an important position in the field of bone regeneration and may become a hot research area in the future.
[image: Figure 7]FIGURE 7 | Strategic theme map.
3.5 Trends in discipline evolution
The dual-map overlay of journals illustrates the citation relationships between journals and cited journals, with cited journals on the left and cited sources on the right. As shown in Figure 8, two primary and several secondary paths are displayed. Path ① indicates that literature published in CHEMISTRY, MATERIALS, and PHYSICS journals is mainly cited by other literature in PHYSICS, MATERIALS, and CHEMISTRY journals. Path ② indicates that literature published in MOLECULAR, BIOLOGY, and GENETICS journals is primarily cited by papers in PHYSICS, MATERIALS, and CHEMISTRY journals. The top 10 most cited articles in this field are shown in Supplementary Table S3, in which “Three-dimensional (3D) printed scaffold and material selection for bone repair” published by Zhang et al. (2019b) in Acta Biomaterialia in 2019, ranked first with 52 citations.
[image: Figure 8]FIGURE 8 | The dual-map overlay of journals related to applications of bioprinted hydrogels in bone regeneration.
3.6 Factorial analysis and keywords bursts
3.6.1 Factorial analysis
We used factorial analysis to identify 6 distinct clusters. As shown in Figure 9A, the categories of bone. regeneration, delivery, hydrogel, stem cells, differentitation, regeneration, Mechanical. properties, scaffolds, in vitro, fabrication, hydroxyapatite, tissue, biomaterials, hydrogel, Mesenchymal Stem Cells were not mutually exclusive, with overlap occurring between categories.
[image: Figure 9]FIGURE 9 | (A) The dendrogram shows the most extensive evolution of bioprinted hydrogels in the discipline of bone regeneration. (B) Top 30 Keywords with the Strongest Citation Bursts.
3.6.2 Citation burst analysis
We used CiteSpace to generate the top 30 keywords. As shown in Figure 9B, the start and end times of sudden keyword bursts can be visualized, with the shortest yearly interval being 1.67 years. Over the past 15 years, the keywords that have received the most attention for the longest period are “bone repair” (22,016–2021), “phosphate” (2016–2020) and “morphogenetic protein” (2017–2020), all of which have been hotspots for hydrogel applications in bone regeneration. In contrast, keywords that received less attention were “activation” (2018–2019), “endothelial cells” (2019–2020), “composite scaffolds” (2021–2022), “osteogenic differentiation” (2021–2022), “controlled release” (2021–2022) and “in vitro” (2021–2022). “gelatin” (2021–2024), “additive manufacturing” (2021–2024), “design” (2022–2024), “cells” (2022–2024), “graphene oxide” (2022–2024), “alginate” (2022–2024) and “growth factor” (2022–2024) are keywords that have been used with high frequency in recent years, suggesting that these aspects may be the focus of research on the application of hydrogels in the bone regeneration field, which has high potential.
4 DISCUSSION
Bibliometric analysis is a discipline that responds to the status and trends of research (Chen et al., 2014; Chen et al., 2012). This study provides the first comprehensive analysis of the use of bioprinted hydrogels for bone regeneration and offers statistics on the major journals and organizations in this field.
4.1 Research status
Bone is a tissue that can be sustainably regenerated (Dimitriou et al., 2011) and is the hardest organ in the human body. The treatment of both direct and indirect fractures involves bone regeneration. Bone defects not only cause an imbalance in the body, but more importantly, disturb the adaptive system within the bone, limiting its ability to regenerate. The three important processes in bone regeneration are osteoinduction, osteoconduction, and osteointegration (Albrektsson and Johansson, 2001). Osteoinduction refers to the formation of undifferentiated cells for osteogenesis through the aggregation of mesenchymal stem cells (Lewallen et al., 2015), osteoconduction refers to providing an environment for osteoblast growth (Weber, 2019), and osteointegration is the seamless integration of bone tissue with an implant (Morandini Rodrigues et al., 2022). After a patient undergoes trauma and inflammation sets in, mesenchymal stem cells (MSCs) aggregate at the trauma site to form fragile tissue, followed by angiogenesis, which promotes the hardening of soft tissue into hard bone tissue, and finally, osteoclasts and osteoblasts undergo superimposed replacement. Osteoblasts and osteoclasts are key factors involved in the bone regeneration process (Salhotra et al., 2020a). Osteoblasts are mainly derived from stem cells, and MSCs have become common stem cells in the field of bone tissue engineering owing to their proliferative properties (Tsiapalis and O'Driscoll, 2020). Since the internal pore size of the bone varies and is stepped from the inside to the outside, only a suitable pore size can ensure optimal cell adhesion. It has been the most clinically used treatment modality for autologous bone grafting (Dimitriou et al., 2011) because it lacks the risk of immune rejection and retains the same plasticity as living bone (Pereira et al., 2020); however, the limited amount of bone and donor site complications cannot be ignored. Allogeneic grafts have a large numerical advantage but their integration is less efficient (Ehrler and Vaccaro, 2000). Theoretically, allogeneic grafts can achieve the same effects as isografts; however, their use in treatment has not yet been standardized. Artificial bone grafts have become the focus of researchers and are mainly categorized as metals (Lu et al., 2023), bioceramics (Zhao et al., 2022) and polymers (Bharadwaz and Jayasuriya, 2020). However, bone tissue reconstruction with biologically inert metals often leads to secondary surgical repair because of the wear and tear susceptibility of the material (Salhotra et al., 2020b). Compared to other pure bioscaffold materials, hydrogel materials possess unique application potential in the field of bone regeneration.
Hydrogel is a hydrophilic polymer with a three-dimensional network structure, mainly classified as natural (e.g., collagen, hyaluronic acid, chitosan, and alginate) and synthetic (Zhu and Marchant, 2011). The excellent biocompatibility, high mechanical properties, adjustability and cell-carrying properties of hydrogels enable them to better adapt to the geometry and microenvironment of the bone defect sites, while the biodegradable nature of hydrogels avoids the risk of secondary surgeries for patients. Although the excellent biocompatibility of natural hydrogels places them in a high position in the field of regenerative medicine, their potential uncontrollability is an issue that researchers cannot ignore. Synthetic hydrogels lack biological activity, although they exhibit strong mechanical properties. Consequently, researchers are constantly searching for hydrogel materials that can carry cells. Saravanan et al. (Saravanan et al., 2018) indicated that CS/GP/GO hydrogels have better biocompatibility with MSCs and can promote osteogenesis, while Liu et al. (Liu et al., 2020) indicated that CD/HA/PVA hydrogels can support the proliferation and differentiation of MSCs in vivo.
Recently, bioprinting technology, which enables the construction of 3D structures using cells, proteins, and biomaterials, has been applied in the field of bone regeneration (Dimitriou et al., 2011) and offers a possibility for bone regeneration therapy. Multi-layer stacked printing can simulate the internal complexity of natural bone tissue, individualize the geometry of the area to be filled with bone defects, and adjust the hydrogel properties to match the mechanical strength of natural bone. Breakthroughs have been made in 3D bioprinting technology (Daly et al., 2017), and cell-loaded bioprinting has been realized (Yang et al., 2017). Bioprinted structures can change the internal spatial structure at different stimuli, enabling a high degree of control over mesenchymal stem cells. However, owing to the limitations of 3D bioprinting in personalizing the treatment of bone defects, 4D bioprinting was developed. This technology can change over time in response to stimuli such as pH, temperature, and is well adapted to the microenvironmental reconstruction of irregular bone defect sites (Zhang et al., 2019a). It can fulfill the functional transformation between organisms and hydrogel materials. In addition, bioprinted hydrogel scaffolds enable controlled release of bioactive molecules to induce vascularization and nerve regeneration in regenerated bone. Currently, bioprinted hydrogel scaffolds applied in the field of bone regeneration have been able to achieve good physical support from the macroscopic structure, but how to change the bionic properties of the microstructure of the hydrogel material to match different functional characteristics is the current challenge. So bioprinting of in situ-loaded stem cell bone-like organs may be the future development direction.
The results of the Most Relevant Affiliations indicate that research on the application of bioprinted hydrogels in bone regeneration is still in its initial stage, proving the great potential of research in this field. The results of the analysis of cooperation between institutions and countries show that although the cooperation between China and the United States is closer, which provides favorable conditions for technological exchanges between the two countries. However, the cooperation network between China and other countries is relatively weaker. The cross-regional and cross-institutional cooperation needs to be strengthened, therefore, institutions of various countries should quickly establish excellent academic cooperation in order to promote the rapid development of bioprinting hydrogel technology in the field of bone regeneration.
4.2 Research hotspots and prospects
Biomaterials science combined with stem cell therapy and tissue engineering techniques are the basis of regenerative medicine. Bone regenerative medicine is a research area that focuses on bioprinted hydrogels. Compared with traditional techniques, bioprinted hydrogels can maximize the filling of space at the fracture site while simultaneously guaranteeing the stability of their mechanical properties. In recent years, research has shown on the development of cell-loaded hydrogels for the reconstruction of bone tissue for vascularization and nerve regeneration (Ashammakhi et al., 2019). However, the desirable decellularized extracellular matrix (ECM) of bone tissue has special mechanical structure and biochemical signals that can support cell adhesion and proliferation, Therefore, achieving the structural stability and signal maintenance of the ECM during decellularization in bioprinted hydrogels is the direction of scholars’ further research. Additionally, exosome hydrogels should also be capable of promoting new vessel generation and tissue regeneration in vivo, as well as inhibiting local tissue fibrosis.
In addition, 3D bioprinting enables the control of hydrogel structure and function, while 4D bioprinting further alters the morphology of the hydrogel over time. Future research on bioprinting will focus on the spatial equilibrium of MSCs with hydrogel scaffolds and osteogenic transformations (Benning et al., 2017). Bioprinting is a relatively recent technology (Kumar Gupta et al., 2022). Although bioprinting technology has been widely used in the field of biomedical engineering, bioprinted hydrogels have certain limitations in terms of computer program settings, large-scale production, and cell-carrying efficiency. To prevent the reduction of cell viability in printed hydrogels, the release of alkaline ions (Heid and Boccaccini, 2020) to prevent local pH increases or to optimize the thickness of the hydrogel coating (Ringeisen et al., 2004) can be considered. Bioprinting can improve the precision of personalized treatment for bone defects to a certain extent. However, printing standardization needs further exploration. To ensure the sustainable development of this technology in the medical field, future restrictions need to be strengthened in terms of the relevant requirements of regulatory authorities, demonstration of safety and efficacy, and translation of results. The stability and safety of hydrogels for bioprinting have to be demonstrated in a variety of animal models to further characterize their physicochemical properties such as degradability and mechanical properties. Additionally, qualified materials and standardized manufacturing lines during clinical translation are prerequisites for avoiding immune response. There is an immediate demand for further biological optimization of the materials and standard safe operating procedures. Basic research is the cornerstone of the development of bone regeneration technology, and translating the results is the key to clinical treatment. Reducing the cost of bioprinting, improving hydrogel cell-carrying technology, and shortening the time required for bone regeneration will promote the application of alternative hydrogel bone grafts in clinical treatment in the field of bone regeneration in the future.
5 CONCLUSION
Over the past 15 years, the use of bioprinted hydrogels in the field of bone regeneration has continued to attract attention. In this study, 684 documents collected from the Web of Science database were processed and visualized for data analysis using bibliometric tools. The numerous articles will be analyzed objectively, systematically, and comprehensively to enhance the reader’s perspective on the field as a whole. The study shows that the main institutions involved in the field of bone regeneration globally are concentrated in China and the United States. China ranks first in the field of bone regeneration in terms of the number of publications and the number of SCPs, with close cooperation between China and the United States. The journal of Biomaterials is the most published journal in this field, and the article “3D bioactive composite scaffolds for bone tissue engineering” by TURNBULL G et al. in Bioactive Materials is the most cited article in the field. These studies provide a rapid and precise orientation for researchers who are about to carry out studies in this field. At the same time, they provide a reference for future interdisciplinary collaborations. In addition, these findings can help policymakers in the industry to take a comprehensive and systematic view of the field’s growth prospects. However, this study, which is based on previous research with a certain lag, has some limitations. We only collected published papers, not those that will be published or are still undergoing research, ignoring some potentially valuable papers.
AUTHOR CONTRIBUTIONS
HZ: Formal Analysis, Investigation, Writing–original draft, Writing–review and editing. XL: Formal Analysis, Investigation, Methodology, Writing–review and editing. ZJ: Formal Analysis, Investigation, Writing–review and editing. KJ: Writing–review and editing. CL: Writing–review and editing. ZD: Writing–review and editing. YB: Conceptualization, Resources, Supervision, Writing–review and editing. XW: Conceptualization, Resources, Supervision, Writing–review and editing. XZ: Conceptualization, Resources, Supervision, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This study was supported by “YuanHang Talent Project” of Naval Medical University.
ACKNOWLEDGMENTS
We sincerely acknowledge Yushu Bai, Xianzhao Wei and Xiaoyi Zhou for their guidance, support and encouragement throughout the research process. Second, we would like to acknowledge every researcher in the team for their work on this paper, and last but not least, we would like to appreciate the valuable comments and suggestions from the reviewers and the editorial board, which greatly improved the quality of this manuscript.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2025.1532629/full#supplementary-material
ABBREVIATIONS
SCP, Single-country Publications; MCP, Multi-country Publications; CaP, Calcium Phosphate; 3D, Three-dimensional; 4D, Four-dimensional; SCU, Sichuan University; SJTU, Shanghai Jiao Tong University; MSCs, Mesenchymal Stem Cells; ECM, Extracellular Matrix.
REFERENCES
 Albrektsson, T., and Johansson, C. (2001). Osteoinduction, osteoconduction and osseointegration. Eur. Spine J. 10 (Suppl. 2), S96–S101. doi:10.1007/s005860100282
 Aria, M., Alterisio, A., Scandurra, A., Pinelli, C., and D'Aniello, B. (2021). The scholar's best friend: research trends in dog cognitive and behavioral studies. Anim. Cogn. 24 (3), 541–553. doi:10.1007/s10071-020-01448-2
 Ashammakhi, N., Hasan, A., Kaarela, O., Byambaa, B., Sheikhi, A., Gaharwar, A. K., et al. (2019). Advancing frontiers in bone bioprinting. Adv. Healthc. Mater 8 (7), e1801048. doi:10.1002/adhm.201801048
 Benning, L., Gutzweiler, L., Tröndle, K., Riba, J., Zengerle, R., Koltay, P., et al. (2017). Cytocompatibility testing of hydrogels toward bioprinting of mesenchymal stem cells. J. Biomed. Mater Res. A 105 (12), 3231–3241. doi:10.1002/jbm.a.36179
 Bertsch, P., Diba, M., Mooney, D. J., and Leeuwenburgh, S. C. G. (2023). Self-healing injectable hydrogels for tissue regeneration. Chem. Rev. 123 (2), 834–873. doi:10.1021/acs.chemrev.2c00179
 Bharadwaz, A., and Jayasuriya, A. C. (2020). Recent trends in the application of widely used natural and synthetic polymer nanocomposites in bone tissue regeneration. Mater Sci. Eng. C Mater Biol. Appl. 110, 110698. doi:10.1016/j.msec.2020.110698
 Cao, H., Duan, L., Zhang, Y., Cao, J., and Zhang, K. (2021). Current hydrogel advances in physicochemical and biological response-driven biomedical application diversity. Signal Transduct. Target Ther. 6 (1), 426. doi:10.1038/s41392-021-00830-x
 Chen, C., Dubin, R., and Kim, M. C. (2014). Emerging trends and new developments in regenerative medicine: a scientometric update (2000 - 2014). Expert Opin. Biol. Ther. 14 (9), 1295–1317. doi:10.1517/14712598.2014.920813
 Chen, C., Hu, Z., Liu, S., and Tseng, H. (2012). Emerging trends in regenerative medicine: a scientometric analysis in CiteSpace. Expert Opin. Biol. Ther. 12 (5), 593–608. doi:10.1517/14712598.2012.674507
 Chen, L., Yu, C., Xiong, Y., Chen, K., Liu, P., Panayi, A. C., et al. (2023a). Multifunctional hydrogel enhances bone regeneration through sustained release of Stromal Cell-Derived Factor-1α and exosomes. Bioact. Mater 25, 460–471. doi:10.1016/j.bioactmat.2022.07.030
 Chen, S., Sun, D., Wang, N., Fang, X., Xi, Z., Wang, C., et al. (2023b). Current status and trends in quantitative MRI study of intervertebral disc degeneration: a bibliometric and clinical study analysis. Quant. Imaging Med. Surg. 13 (5), 2953–2974. doi:10.21037/qims-22-1219
 Chen, Y., Cheng, L., Lian, R., Song, Z., and Tian, J. (2021). COVID-19 vaccine research focusses on safety, efficacy, immunoinformatics, and vaccine production and delivery: a bibliometric analysis based on VOSviewer. Biosci. Trends 15 (2), 64–73. doi:10.5582/bst.2021.01061
 Cheng, K., Guo, Q., Yang, W., Wang, Y., Sun, Z., and Wu, H. (2022). Mapping knowledge landscapes and emerging trends of the links between bone metabolism and diabetes mellitus: a bibliometric analysis from 2000 to 2021. Front. Public Health 10, 918483. doi:10.3389/fpubh.2022.918483
 Chimene, D., Lennox, K. K., Kaunas, R. R., and Gaharwar, A. K. (2016). Advanced bioinks for 3D printing: a materials science perspective. Ann. Biomed. Eng. 44 (6), 2090–2102. doi:10.1007/s10439-016-1638-y
 Cidonio, G., Glinka, M., Kim, Y. H., Kanczler, J. M., Lanham, S. A., Ahlfeld, T., et al. (2020). Nanoclay-based 3D printed scaffolds promote vascular ingrowth ex vivo and generate bone mineral tissue in vitro and in vivo. Biofabrication 12, 035010. doi:10.1088/1758-5090/ab8753
 Daly, A. C., Freeman, F. E., Gonzalez-Fernandez, T., Critchley, S. E., Nulty, J., and Kelly, D. J. (2017). 3D bioprinting for cartilage and osteochondral tissue engineering. Adv. Healthc. Mater 6 (22). doi:10.1002/adhm.201700298
 Dimitriou, R., Jones, E., McGonagle, D., and Giannoudis, P. V. (2011). Bone regeneration: current concepts and future directions. BMC Med. 9, 66. doi:10.1186/1741-7015-9-66
 Ding, W., Zhou, Q., Lu, Y., Wei, Q., Tang, H., Zhang, D., et al. (2023). ROS-scavenging hydrogel as protective carrier to regulate stem cells activity and promote osteointegration of 3D printed porous titanium prosthesis in osteoporosis. Front. Bioeng. Biotechnol. 11, 1103611. doi:10.3389/fbioe.2023.1103611
 Duan, W. L., Zhang, L. N., Bohara, R., Martin-Saldaña, S., Yang, F., Zhao, Y. Y., et al. (2023). Adhesive hydrogels in osteoarthritis: from design to application. Mil. Med. Res. 10 (1), 4. doi:10.1186/s40779-022-00439-3
 Ehrler, D. M., and Vaccaro, A. R. (2000). The use of allograft bone in lumbar spine surgery. Clin. Orthop. Relat. Res. 371 (371), 38–45. doi:10.1097/00003086-200002000-00005
 García-Gareta, E., Coathup, M. J., and Blunn, G. W. (2015). Osteoinduction of bone grafting materials for bone repair and regeneration. Bone 81, 112–121. doi:10.1016/j.bone.2015.07.007
 Ghandforoushan, P., Alehosseini, M., Golafshan, N., Castilho, M., Dolatshahi-Pirouz, A., Hanaee, J., et al. (2023). Injectable hydrogels for cartilage and bone tissue regeneration: a review. Int. J. Biol. Macromol. 246, 125674. doi:10.1016/j.ijbiomac.2023.125674
 Gong, Y., Bu, Y., Li, Y., Hao, D., He, B., Kong, L., et al. (2022). Hydrogel-based delivery system applied in the local anti-osteoporotic bone defects. Front. Bioeng. Biotechnol. 10, 1058300. doi:10.3389/fbioe.2022.1058300
 González-Alcaide, G., Peris, J., and Ramos, J. M. (2017). Areas of research and clinical approaches to the study of liver abscess. World J. Gastroenterol. 23 (2), 357–365. doi:10.3748/wjg.v23.i2.357
 Heid, S., and Boccaccini, A. R. (2020). Advancing bioinks for 3D bioprinting using reactive fillers: a review. Acta Biomater. 113, 1–22. doi:10.1016/j.actbio.2020.06.040
 Iatecola, A., Longhitano, G. A., Antunes, L. H. M., Jardini, A. L., Miguel, E. d. C., Béreš, M., et al. (2021). Osseointegration improvement of Co-Cr-Mo alloy produced by additive manufacturing. Pharmaceutics 13 (5), 724. doi:10.3390/pharmaceutics13050724
 Kang, X., Zhang, X. B., Gao, X. D., Hao, D. J., Li, T., and Xu, Z. W. (2022). Bioprinting for bone tissue engineering. Front. Bioeng. Biotechnol. 10, 1036375. doi:10.3389/fbioe.2022.1036375
 Keating, J. F., Simpson, A. H., and Robinson, C. M. (2005). The management of fractures with bone loss. J. Bone Jt. Surg. Br. 87 (2), 142–150. doi:10.1302/0301-620x.87b2.15874
 Kolambkar, Y. M., Dupont, K. M., Boerckel, J. D., Huebsch, N., Mooney, D. J., Hutmacher, D. W., et al. (2011). An alginate-based hybrid system for growth factor delivery in the functional repair of large bone defects. Biomaterials 32 (1), 65–74. doi:10.1016/j.biomaterials.2010.08.074
 Kumar Gupta, D., Ali, M. H., Ali, A., Jain, P., Anwer, M. K., Iqbal, Z., et al. (2022). 3D printing technology in healthcare: applications, regulatory understanding, IP repository and clinical trial status. J. Drug Target 30 (2), 131–150. doi:10.1080/1061186X.2021.1935973
 Kuo, C. Y., Lin, T. Y., and Yeh, Y. C. (2023). Hydrogel-based strategies for the management of osteomyelitis. ACS Biomater. Sci. Eng. 9 (4), 1843–1861. doi:10.1021/acsbiomaterials.2c01057
 Lewallen, E. A., Riester, S. M., Bonin, C. A., Kremers, H. M., Dudakovic, A., Kakar, S., et al. (2015). Biological strategies for improved osseointegration and osteoinduction of porous metal orthopedic implants. Tissue Eng. Part B Rev. 21 (2), 218–230. doi:10.1089/ten.TEB.2014.0333
 Li, X., Sun, Q., Li, Q., Kawazoe, N., and Chen, G. (2018). Functional hydrogels with tunable structures and properties for tissue engineering applications. Front. Chem. 6, 499. doi:10.3389/fchem.2018.00499
 Liu, L., Yang, B., Wang, L. Q., Huang, J. P., Chen, W. Y., Ban, Q., et al. (2020). Biomimetic bone tissue engineering hydrogel scaffolds constructed using ordered CNTs and HA induce the proliferation and differentiation of BMSCs. J. Mater Chem. B 8 (3), 558–567. doi:10.1039/c9tb01804b
 Liu, Y., and Hsu, S. H. (2018). Synthesis and biomedical applications of self-healing hydrogels. Front. Chem. 6, 449. doi:10.3389/fchem.2018.00449
 Lu, Y., Wang, X., Chen, H., Li, X., Liu, H., Wang, J., et al. (2023). Metal-bone scaffold for accelerated peri-implant endosseous healing. Front. Bioeng. Biotechnol. 11, 1334072. doi:10.3389/fbioe.2023.1334072
 Mandrycky, C., Wang, Z., Kim, K., and Kim, D. H. (2016). 3D bioprinting for engineering complex tissues. Biotechnol. Adv. 34 (4), 422–434. doi:10.1016/j.biotechadv.2015.12.011
 McEwan, J. K., Tribe, H. C., Jacobs, N., Hancock, N., Qureshi, A. A., Dunlop, D. G., et al. (2018). Regenerative medicine in lower limb reconstruction. Regen. Med. 13 (4), 477–490. doi:10.2217/rme-2018-0011
 Morandini Rodrigues, L., Lima Zutin, E. A., Sartori, E. M., Rizzante, F. A. P., Mendonça, D. B. S., Krebsbach, P. H., et al. (2022). Nanoscale hybrid implant surfaces and Osterix-mediated osseointegration. J. Biomed. Mater Res. A 110 (3), 696–707. doi:10.1002/jbm.a.37323
 Muir, V. G., and Burdick, J. A. (2021). Chemically modified biopolymers for the formation of biomedical hydrogels. Chem. Rev. 121 (18), 10908–10949. doi:10.1021/acs.chemrev.0c00923
 Murphy, S. V., and Atala, A. (2014). 3D bioprinting of tissues and organs. Nat. Biotechnol. 32 (8), 773–785. doi:10.1038/nbt.2958
 Nie, J., Pei, B., Wang, Z., and Hu, Q. (2019). Construction of ordered structure in polysaccharide hydrogel: a review. Carbohydr. Polym. 205, 225–235. doi:10.1016/j.carbpol.2018.10.033
 Oliva, N., Shin, M., and Burdick, J. A. (2021). Editorial: special issue on advanced biomedical hydrogels. ACS Biomater. Sci. Eng. 7 (9), 3993–3996. doi:10.1021/acsbiomaterials.1c01059
 Ortega, M. A., De Leon-Oliva, D., Boaru, D. L., Fraile-Martinez, O., García-Montero, C., Diaz, R., et al. (2023). Unraveling the new perspectives on antimicrobial hydrogels: state-of-the-art and translational applications. Gels 9 (8), 617. doi:10.3390/gels9080617
 Pereira, H. F., Cengiz, I. F., Silva, F. S., Reis, R. L., and Oliveira, J. M. (2020). Scaffolds and coatings for bone regeneration. J. Mater Sci. Mater Med. 31 (3), 27. doi:10.1007/s10856-020-06364-y
 Ringeisen, B. R., Kim, H., Barron, J. A., Krizman, D. B., Chrisey, D. B., Jackman, S., et al. (2004). Laser printing of pluripotent embryonal carcinoma cells. Tissue Eng. 10 (3-4), 483–491. doi:10.1089/107632704323061843
 Rosset, P., Deschaseaux, F., and Layrolle, P. (2014). Cell therapy for bone repair. Orthop. Traumatol. Surg. Res. 100 (1 Suppl. l), S107–S112. doi:10.1016/j.otsr.2013.11.010
 Salhotra, A., Shah, H. N., Levi, B., and Longaker, M. T. (2020a). Mechanisms of bone development and repair. Nat. Rev. Mol. Cell Biol. 21 (11), 696–711. doi:10.1038/s41580-020-00279-w
 Salhotra, A., Shah, H. N., Levi, B., and Longaker, M. T. (2020b). Mechanisms of bone development and repair. Nat. Rev. Mol. Cell Biol. 21, 696–711. doi:10.1038/s41580-020-00279-w
 Saravanan, S., Vimalraj, S., and Anuradha, D. (2018). Chitosan based thermoresponsive hydrogel containing graphene oxide for bone tissue repair. Biomed. Pharmacother. 107, 908–917. doi:10.1016/j.biopha.2018.08.072
 Shan, B. H., and Wu, F. G. (2024). Hydrogel-based growth factor delivery platforms: strategies and recent advances. Adv. Mater 36 (5), e2210707. doi:10.1002/adma.202210707
 Song, Q., Wang, D., Li, H., Wang, Z., Sun, S., Wang, Z., et al. (2024). Dual-response of multi-functional microsphere system to ultrasound and microenvironment for enhanced bone defect treatment. Bioact. Mater 32, 304–318. doi:10.1016/j.bioactmat.2023.10.007
 Sousa, C. F. V., Saraiva, C. A., Correia, T. R., Pesqueira, T., Patrício, S. G., Rial-Hermida, M. I., et al. (2021). Bioinstructive layer-by-layer-coated customizable 3D printed perfusable microchannels embedded in photocrosslinkable hydrogels for vascular tissue engineering. Biomolecules 11, 863. doi:10.3390/biom11060863
 Suo, H., Zhang, D., Yin, J., Qian, J., Wu, Z. L., and Fu, J. (2018). Interpenetrating polymer network hydrogels composed of chitosan and photocrosslinkable gelatin with enhanced mechanical properties for tissue engineering. Mater Sci. Eng. C Mater Biol. Appl. 92, 612–620. doi:10.1016/j.msec.2018.07.016
 Tavares, M. T., Gaspar, V. M., Monteiro, M. V., S Farinha, J. P., Baleizão, C., and Mano, J. F. (2021). GelMA/bioactive silica nanocomposite bioinks for stem cell osteogenic differentiation. Biofabrication 13, 035012. doi:10.1088/1758-5090/abdc86
 Tsiapalis, D., and O'Driscoll, L. (2020). Mesenchymal stem cell derived extracellular vesicles for tissue engineering and regenerative medicine applications. Cells 9 (4), 991. doi:10.3390/cells9040991
 Tzagiollari, A., McCarthy, H. O., Levingstone, T. J., and Dunne, N. J. (2022). Biodegradable and biocompatible adhesives for the effective stabilisation, repair and regeneration of bone. Bioeng. (Basel) 9 (6), 250. doi:10.3390/bioengineering9060250
 van Eck, N. J., and Waltman, L. (2010). Software survey: VOSviewer, a computer program for bibliometric mapping. Scientometrics 84 (2), 523–538. doi:10.1007/s11192-009-0146-3
 Vinikoor, T., Dzidotor, G. K., Liu, Y., Kan, H. M., Barui, S., Chorsi, M. T., et al. (2023). Injectable and biodegradable piezoelectric hydrogel for osteoarthritis treatment. Nat. Commun. 14 (1), 6257. doi:10.1038/s41467-023-41594-y
 Wan, Z., Zhang, P., Liu, Y., Lv, L., and Zhou, Y. (2020). Four-dimensional bioprinting: current developments and applications in bone tissue engineering. Acta Biomater. 101, 26–42. doi:10.1016/j.actbio.2019.10.038
 Wang, C., Ye, X., Zhao, Y., Bai, L., He, Z., Tong, Q., et al. (2020). Cryogenic 3D printing of porous scaffolds for in situ delivery of 2D black phosphorus nanosheets, doxorubicin hydrochloride and osteogenic peptide for treating tumor resection-induced bone defects. Biofabrication 12 (3), 035004. doi:10.1088/1758-5090/ab6d35
 Wang, J., Chi, Y., Yang, B., Zhang, Q., Wang, D., He, X., et al. (2022). The application of biomaterials in osteogenesis: a bibliometric and visualized analysis. Front. Bioeng. Biotechnol. 10, 998257. doi:10.3389/fbioe.2022.998257
 Weber, F. E. (2019). Reconsidering osteoconduction in the era of additive manufacturing. Tissue Eng. Part B Rev. 25 (5), 375–386. doi:10.1089/ten.TEB.2019.0047
 Xie, X., Wei, J., Zhang, B., Xiong, W., He, Z., Zhang, Y., et al. (2022). A self-assembled bilayer polypeptide-engineered hydrogel for spatiotemporal modulation of bactericidal and anti-inflammation process in osteomyelitis treatment. J. Nanobiotechnology 20 (1), 416. doi:10.1186/s12951-022-01614-3
 Yang, J., Zhang, Y. S., Yue, K., and Khademhosseini, A. (2017). Cell-laden hydrogels for osteochondral and cartilage tissue engineering. Acta Biomater. 57, 1–25. doi:10.1016/j.actbio.2017.01.036
 Yuan, W., Wang, H., Fang, C., Yang, Y., Xia, X., Yang, B., et al. (2021). Microscopic local stiffening in a supramolecular hydrogel network expedites stem cell mechanosensing in 3D and bone regeneration. Mat. Horiz. 8, 1722–1734. doi:10.1039/d1mh00244a
 Yue, S., He, H., Li, B., and Hou, T. (2020). Hydrogel as a biomaterial for bone tissue engineering: a review. Nanomater. (Basel) 10 (8), 1511. doi:10.3390/nano10081511
 Zhang, J., Wehrle, E., Adamek, P., Paul, G. R., Qin, X. H., Rubert, M., et al. (2020b). Optimization of mechanical stiffness and cell density of 3D bioprinted cell-laden scaffolds improves extracellular matrix mineralization and cellular organization for bone tissue engineering. Acta Biomater. 114, 307–322. doi:10.1016/j.actbio.2020.07.016
 Zhang, L., Yang, G., Johnson, B. N., and Jia, X. (2019a). Three-dimensional (3D) printed scaffold and material selection for bone repair. Acta Biomater. 84, 16–33. doi:10.1016/j.actbio.2018.11.039
 Zhang, L., Yang, G., Johnson, B. N., and Jia, X. (2019b). Three-dimensional (3D) printed scaffold and material selection for bone repair. Acta Biomater. 84, 16–33. doi:10.1016/j.actbio.2018.11.039
 Zhang, X., Yi, K., Xu, J. G., Wang, W. X., Liu, C. F., He, X. L., et al. (2024). Application of three-dimensional printing in cardiovascular diseases: a bibliometric analysis. Int. J. Surg. 110 (2), 1068–1078. doi:10.1097/JS9.0000000000000868
 Zhang, Y., Yu, T., Peng, L., Sun, Q., Wei, Y., and Han, B. (2020a). Advancements in hydrogel-based drug sustained release systems for bone tissue engineering. Front. Pharmacol. 11, 622. doi:10.3389/fphar.2020.00622
 Zhao, C., Liu, W., Zhu, M., Wu, C., and Zhu, Y. (2022). Bioceramic-based scaffolds with antibacterial function for bone tissue engineering: a review. Bioact. Mater 18, 383–398. doi:10.1016/j.bioactmat.2022.02.010
 Zhong, D., Luo, S., Zheng, L., Zhang, Y., and Jin, R. (2020). Epilepsy occurrence and circadian rhythm: a bibliometrics study and visualization analysis via CiteSpace. Front. Neurol. 11, 984. doi:10.3389/fneur.2020.00984
 Zhou, Y., Yue, Z., Chen, Z., and Wallace, G. (2020). 3D coaxial printing tough and elastic hydrogels for tissue engineering using a catechol functionalized ink system. Adv. Healthc. Mat. 9, e2001342. doi:10.1002/adhm.202001342
 Zhu, H., Monavari, M., Zheng, K., Distler, T., Ouyang, L., Heid, S., et al. (2022). 3D bioprinting of multifunctional dynamic nanocomposite bioinks incorporating Cu-doped mesoporous bioactive glass nanoparticles for bone tissue engineering. Small 18, e2104996. doi:10.1002/smll.202104996
 Zhu, J., and Marchant, R. E. (2011). Design properties of hydrogel tissue-engineering scaffolds. Expert Rev. Med. Devices 8 (5), 607–626. doi:10.1586/erd.11.27
 Zhu, Y., Zhang, K., Zhao, R., Ye, X., Chen, X., Xiao, Z., et al. (2017). Bone regeneration with micro/nano hybrid-structured biphasic calcium phosphate bioceramics at segmental bone defect and the induced immunoregulation of MSCs. Biomaterials 147, 133–144. doi:10.1016/j.biomaterials.2017.09.018
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2025 Zhang, Li, Jia, Jiao, Liu, Deng, Bai, Wei and Zhou. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-16-1532629-g005.gif





OPS/images/fphar-16-1532629-g006.gif





OPS/images/fphar-16-1532629-g003.gif





OPS/images/fphar-16-1532629-g004.gif





OPS/images/fphar-16-1532629-g009.gif
i

Top 30 Keywords with the Strongest

n Bursts

e Sogth g 4 2012020

Citat
Ko
s sy 205
o ion 205
prson B
i pogaris 2015
o e
prophe e
gt poten2 2015
Doconpabany 201
e n
ommcts xu
ot o
amprpte 206
oo s
prowiey e
ot o
Compost sahons 2015
tecgnc stenioin 201
Cotcdone 205
cation s
Py s
sddte g 205
Sapod oo 209
dein s
[
S e
o S ol

JEerir e r—
[ S——
[P S—





OPS/images/fphar-16-1532629-g007.gif
e





OPS/images/fphar-16-1532629-g008.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Bioprinted hydrogels in bone regeneration: a bibliometric analysis		Background

		Methods

		Results

		Conclusion

		1 Introduction

		2 Materials and methods		2.1 Search strategies

		2.2 Data collection and statistics





		3 Results		3.1 Analysis of most locally cited documents and sources in the field

		3.2 Analysis of affiliations and countries

		3.3 Analysis of keywords and research hotspots

		3.4 Thematic map

		3.5 Trends in discipline evolution

		3.6 Factorial analysis and keywords bursts





		4 Discussion		4.1 Research status

		4.2 Research hotspots and prospects





		5 Conclusion

		Author contributions

		Funding

		Acknowledgments

		Generative AI statement

		Publisher’s note

		Supplementary material

		Abbreviations

		References









OPS/images/cover.jpg
’ frontiers | Frontiersin Pharmacology

Bioprinted hydrogels in bone
regeneration: a bibliometric
analysis





OPS/images/fphar-16-1532629-g001.gif
) s

oo

Hydrogel

Djection






OPS/images/fphar-16-1532629-g002.gif





OPS/images/fphar-16-1532629-t001.jpg
10

Sichuan University

Shanghai Jiao Tong University
Zhejiang University
Chinese Academy of Sciences
Jilin University
South China University of Technology
Nanjing Medical University
Shandong University
China Medical University Taiwan

Jinan University

134

121

74

7.1

58

51

48

45

39

39

China
China
China
China
China
China
China
China
China

China










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





