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Osteogenesis serves an important role in bone tissue repairing. Novel biomaterials are widely prevalent as materials for orthopedic implants due to their biocompatibility and osteogenetic ability. The purpose of this study was to comprehensively analyze hotspots and future trend of biomaterials research in osteogenesis based on bibliometric and visualized analysis. A total of 1,523 papers about biomaterials research in osteogenesis between 2000 and 2021 were included in this study. During the above 20 years, China’s leading position in the global biomaterials research in osteogenesis was obvious, and it was also the country that most frequently participates in international cooperation. Chinese Academy of Sciences was the most productive institution and the leader of research cooperation. Acta Biomaterialia and Biomaterials have published the largest number of articles in the field of biomaterials research in osteogenesis. Meanwhile, Acta Biomaterialia and Biomaterials were also the two journals with the highest total citation frequency. Wu CT, Chang J, Kaplan DL, and Xiao Y all made important contributions in the field of biomaterials research in osteogenesis. At present, there are five research hotspots in the field of biomaterials research in osteogenesis: 1) the immunomodulatory role of biomaterial-related inflammatory; 2) mechanisms of osteogenesis in biomaterials; 3) 3D printing and clinical application of biomaterials; 4) bone tissue engineering for biomaterial osteogenesis; and 5) regenerative medicine for biomaterial osteogenesis. The results of this study showed that mechanisms of osteogenesis in biomaterials, bone tissue engineering for biomaterial osteogenesis, and regenerative medicine for biomaterial osteogenesis will remain research hotspots in the future. International cooperation was also expected to expand and deepen the field of biomaterials research in osteogenesis.
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INTRODUCTION
Biomaterials have been widely used in fields of orthopedic implants over the past few decades, as injuries, joint and spinal diseases have increased and materials processing has improved (Lin et al., 2017; Kaur and Singh, 2019). The primary role of orthopedic implants, in the beginning, was to replace the bone tissue defects or maintain the morphology of bone tissue and bear certain stress effects (Navarro et al., 2008; Van Der Stok et al., 2011). Therefore, scholars, at that time, did not pay enough attention to the research on the growth and self-repair of bone tissue surrounding implants after implantation. With the development of bone tissue engineering and material science, the osseointegration between orthopedic implants and bone has attracted more and more attention. Osseointegration was defined as the process of achieving and maintaining rigid fixation between bone and implants in direct contact with the implants under a functional load (Albrektsson et al., 1981; Albrektsson and Johansson, 2001). However, Ti6Al4V widely used in clinical practice has poor osseointegration performance, which limits its early biological fixation and long-term stability with bone (Man et al., 2018; Harb et al., 2020; Avila et al., 2021). The reason for the above phenomenon is that Ti6Al4V is a biologically inert material, which has no bioactivity and osteoinductivity (Wu et al., 2008; Li et al., 2016a). The premise and key to achieve good osseointegration of orthopedic implants and bone is that the biomaterials used should have the ability to promote osteogenesis. Therefore, the development of novel biomaterials with osteogenic ability becomes a solution to improve the osseointegration performance of orthopedic implants.
At present, there are various methods to prepare novel biomaterials with osteogenic ability. It includes research and development of novel biomaterials, surface modification of biomaterials, and design of novel structures of biomaterials. The research and development of novel biomaterials included novel β titanium alloys, magnesium alloys, bioceramics, and polymers, etc., (Abdullah et al., 2015; Meischel et al., 2017; Furko et al., 2019; Li et al., 2019). Major surface modification techniques of biomaterials included sandblasting, acid-etching, de-alloying, and micro-arc oxidation, etc (Chou et al., 2017; Okulov et al., 2020; Zhang et al., 2021). Novel structural design of biomaterials included porous architecture design, individualized three-dimensional (3D) printing, and biomimetic design, etc (Wong, 2016; Yuan et al., 2019; Chen et al., 2021). However, at present, there is still a lack of systematic, intuitive, and visualized analysis to help researchers analyze the research trends in the field of biomaterials research in osteogenesis.
Bibliometric analysis is a novel science to analyze the contributions of countries or regions, institutions, authors and journals to a certain research field (Yin et al., 2021; Yin M. C. et al., 2022). In addition, bibliometric analysis can predict research hotspots and trends in a certain research field through information visualization (Cooper, 2015; Deng et al., 2022). However, bibliometric analysis has rarely been applied to the field of biomaterials research in osteogenesis.
In this study, we conducted a systematic bibliometric analysis of the research literature on biomaterials research in osteogenesis from 2000 to 2021, including the number of annual publications, countries or regions, international collaboration, institutions, journals, authors, and co-occurrence visualization analysis of keywords. In addition, the recent research advances in the field of biomaterials research in osteogenesis in the past 20 years were also prospected. At the same time, the research hotspots and trends of biomaterials research in osteogenesis were determined by using co-occurrence overlay visualization maps of keywords and double-clustering analysis. We hope that this study can provide a research basis and a new Frontier for the future biomaterials research in osteogenesis.
MATERIALS AND METHODS
Data sources and search strategy
The Web of Science database includes a large number of authoritative and high-impact academic journals. The data of this study were all from the Web of Science Core Collection on the website of Xi’an Jiaotong University Library. The retrieval strategy was TS= (Biomaterials AND osteogenesis).
Screening criteria and data downloads
The publication dates of this study were searched from 2000 to 2021. Non-article, non-review, and non-English language publications are excluded. The selected data of the Web of Science Core Collection included titles, publication year, authorship, abstracts, keywords, source journals, organizations, countries or regions, and references, etc. The above data were downloaded in txt format. To avoid deviations caused by frequent database updates, all literature searches and data downloads were conducted on the same day (12 May 2022). Two scholars (JW and YC) conducted the retrieval independently. There was no statistical difference between the two groups, indicating consistency.
Statistical analysis
This study systematically described the various characteristics of publications, including authors, institutions, countries or regions, journals, keywords, impact factor (IF), and Hirsch index (h-index). The IF derived from the Journal Citation Report (JCR) 2020 was used to assess the academic merit of research. Data extracted from the Web of Science Core Collection were imported into the online bibliometric analysis platform (http://bibliometric.com/) and VOSviewer Version 1.6.18 (Leiden University, Leiden, Netherlands) for bibliometric analysis. Apache ECharts is a Java language based data visualization tool for the visualized analysis of the number of annual publications and cumulative publications in different countries or regions. Online bibliometric analysis platform was used for visualized analysis of international cooperation between different countries or regions. The visual analysis of international cooperation in different countries or regions is helpful to evaluate and analyze the current trend of cooperation. VOSviewer was used to analyze and visualize bibliometric networks, including authors, institutions, journals, co-citations, and keywords. The analysis of these data was crucial to understanding the trends of popular journals, authors, and institutions. In addition, the analysis of keywords was helpful to systematically evaluate the current research hotspots and trends in the field of biomaterial osteogenesis. This also played a certain enlightenment role for the future development of this field. VOSviewer was used to generate network visualization maps and overlay visualization maps, which was helpful to intuitively grasp the trends in the field of biomaterial osteogenesis. Online bibliometric analysis platform and Microsoft Excel 2016 were used to evaluate the academic influence of authors, institutions, and journals. The data extracted from the Web of Science Core Collection were imported into the Bibliographic Item Co-occurrence Matrix Builder (BICOMB) to construct the keywords-articles binary matrix. The rows of the matrix represented publications and the columns represented high frequency keywords. Gcluto 1.0 software was used for double-clustering analysis, and matrix graph and volcano graph were constructed according to the results of the clustering analysis. The matrix diagram and volcano diagram visually showed the research hotspots and trends in the field of biomaterial osteogenesis.
RESULTS
Trends and annual publications
The process of data screening and excluding was shown in Figure 1. A total of 1735 papers were identified. According to the screening criteria, 1,523 papers (1,347 articles and 176 reviews) were included in this study. Figure 2 shows the gradual growth trend of annual publications related to biomaterials research in osteogenesis, from 6 papers in 2000 to 261 papers in 2021. Based on the Web of Science Core Collection database, 1,523 papers were cited 166,438 times, and each paper was cited 109.28 times on average.
[image: Figure 1]FIGURE 1 | Flowchart of data screening and excluding.
[image: Figure 2]FIGURE 2 | Annual number of the published publication in biomaterials research in osteogenesis from 2000 to 2021.
Contribution of countries and institutions
According to the Web of Science Core Collection database, 64 countries or regions published publications on biomaterials research in osteogenesis between 2000 and 2021. The top 29 countries or regions in terms of the number of publications about biomaterials research in osteogenesis (n ≥ 10) were shown in the world map in Figure 3A, and the top 10 countries or regions were shown in Table 1.
[image: Figure 3]FIGURE 3 | The distribution of countries or regions in biomaterials research in osteogenesis. (A) Distribution of biomaterials research in osteogenesis literatures in the world map. The color of each country or region on the world map represents the amount of literature published, according to the color gradient in the lower left corner. (B) The network map of cooperation between countries or regions. Different colors represent different countries or regions, the area of each color represents the amount of literature published in each country or region, and the thickness of the connecting line indicates the cooperation frequency.
TABLE 1 | The top 10 countries or regions of publications in biomaterials research in osteogenesis.
[image: Table 1]China published the most papers with 662, followed by the United States (n = 322), Germany (n = 98), England (n = 72), Italy (n = 72), South Korea (n = 72), Australia (n = 69), Netherlands (n = 50), Brazil (n = 49), and Japan (n = 49). The contribution of China and the United States to the number of published papers of biomaterials research in osteogenesis far exceeded that of other countries or regions (Table 1 and Figure 3A). Close cooperation between countries or regions of the world was extremely common during the investigation period. The analysis results of international cooperation showed that China was the country with the highest frequency of participating in international cooperation (Figure 3B).
Our study also assessed the most productive institutions for research. As shown in Table 2, The institution that published the most papers was Chinese Academy of Sciences, which published 125 papers. Followed by Shanghai Jiaotong University (n = 110), Sichuan University (n = 75), Zhejiang University (n = 37), Queensland University of Technology (n = 35), Peking University (n = 34), Tufts University (n = 33), Fourth Military Medical University (n = 31), University of Chinese Academy of Sciences (n = 28), and Tsinghua University (n = 26). The VOSviewer software was used to generate the institution cooperation network, and the threshold value of the minimum number of documents of an institution was set to 15, and the minimum number of citations of an institution was set to 500.22 of the 1,652 institutions were identified. In the recent 20 years, Chinese Academy of Sciences has cooperated with the majority of most influential academic institutions to carry out biomaterials research in osteogenesis (Figure 4).
TABLE 2 | The top 10 most productive institutions in biomaterials research in osteogenesis.
[image: Table 2][image: Figure 4]FIGURE 4 | Co-authorship overlay visualization map of institutions. The color of each circle corresponds to the average publication year, the size of a circle is proportional to the number of literatures, and the thickness of the connecting line indicates the cooperation frequency.
Contribution of journals
This study systematically analyzed journal contributions with journal characteristics from journal titles, number of articles, total number of citations, average number of citations, IF (2020), quartile in category (2020), and h-index. Table 3 listed the 10 most productive journals of biomaterials research in osteogenesis. A total of 503 papers were published, accounting for 33.03% of the total number of papers published. Acta Biomaterialia (n = 101), Biomaterials (n = 80), and Journal of Biomedical Materials Research Part A (n = 64) ranked top three in the number of papers published in biomaterials research in osteogenesis (Table 3). Acta Biomaterialia and Biomaterials were the two most frequently cited journals, with a total citation frequency of 388 and 713, respectively. In addition, the above two journals were also the two journals with the highest average citation frequency, which were 3.84 and 8.91 respectively. Biomaterialia, ACS Applied Materials & Interfaces, and Acta Biomaterialia had the highest IFs in 2020, which were 12.479, 9.229, and 8.947, respectively. Biomaterials had the highest h-index value of 65. According to JCR 2020 standard, in the top 10 journals, Acta Biomaterialia, Biomaterials, Materials Science & Engineering C-Materials for Biological Applications, ACS Applied Materials & Interfaces, International Journal of Molecular Sciences, and Biomaterials Science are divided into Q1 (Table 3). The top 10 high-cited papers were listed in Table 4.
TABLE 3 | The top 10 most active journals that published articles in biomaterials research in osteogenesis.
[image: Table 3]TABLE 4 | The top 10 high-cited papers in biomaterials research in osteogenesis during 2000–2021.
[image: Table 4]Contribution of authors
The top 10 most productive authors in the field of biomaterials research in osteogenesis were listed in Table 5. Among them, the top three authors were Wu CT (n = 36) from Shanghai Institute of Ceramics, Chinese Academy of Sciences in China, Chang J (n = 36) from Shanghai Institute of Ceramics, Chinese Academy of Sciences in China, and Kaplan DL (n = 30) from Department of Biomedical Engineering, Tufts University in United States. In addition, Wu CT, Xiao Y, and Chang J were the top three authors with the highest total number of citations, which were 430, 370 and 354 times respectively (Table 5). A co-authorship overlay visualization map was generated using VOSviewer software and the threshold of the minimum number of documents for an author was set to 5. Finally, 116 authors meeting the threshold were identified. Among them, Wu CT, Chang J, and Xiao Y worked closely together (Figure 5A). A co-citation overlay visualization map was generated using VOSviewer software and the threshold of the minimum number of citations for an author was set to 500. Finally, 49 authors meeting the threshold were identified. Among them, Wu CT, Chang J, and Kaplan, DL made significant contributions in the field of biomaterials research in osteogenesis (Figure 5B and Table 5).
TABLE 5 | The top 10 most productive authors in biomaterials research in osteogenesis.
[image: Table 5][image: Figure 5]FIGURE 5 | The distribution of authors in biomaterials research in osteogenesis. (A) Author co-authorship overlay visualization map. The color of each circle corresponds to the average publication year of the author, the size of a circle is proportional to the number of literatures published by the author, and the thickness of the connecting line indicates the cooperation frequency. (B) Author co-citation overlay visualization map. The color of each circle corresponds to the average publication year of the author, the size of a circle is proportional to the total number of citations of the author, and the thickness of the connecting line indicates the strength of the co-citation link.
Analysis of research hotspots
With more than 20 occurrences, the 36 most frequent keywords were extracted from the included publications and shown in Table 6. The Gcluto double-clustering analysis was used to sort the five clusters. Matrix graph and volcano graph were used to visualize the relationship between publications and high-frequency keywords (Figure 6). The matrix graph was shown in Figure 6A, where column labels represented papers and row labels represented keywords. To combine similar rows into a single cluster, the rows of the initial matrix graph were reset, and each cluster was split by horizontal lines. In the matrix graph, the upper dendrogram represented paper association, and the left represented high-frequency keyword association. The results of the volcano graph in Figure 6B directly characterized the data as five different mountains representing five different clusters numbered from 0 to 4.
TABLE 6 | Keywords of biomaterials research hotspots in osteogenesis.
[image: Table 6][image: Figure 6]FIGURE 6 | Research hotspots in the field of biomaterials research in osteogenesis. (A) Visualized matrix of biclustering of highly frequent keywords in the field of biomaterials research in osteogenesis. Color of each blot represented the frequency of occurrence of keywords in all literatures. (B) Mountain visualization of biclustering of highly frequent keywords in the field of biomaterials research in osteogenesis. The height and color of the mountain are proportional to internal similarity and standard deviation of cluster. Blue: high deviation, Red: low deviation.
The above 36 high-frequency keywords were divided into 5 clusters (Figure 6A). All representative papers involved in each cluster were excavated to further summarize research hotspots in the field of biomaterials research in osteogenesis. Finally, BICOMB and Gcluto software were used to identify five research hotspots:
Cluster 0: The immunomodulatory role of biomaterial-related inflammatory.
Cluster 1: Mechanisms of osteogenesis in biomaterials.
Cluster 2: 3D printing and clinical application of biomaterials.
Cluster 3: Bone tissue engineering for biomaterial osteogenesis.
Cluster 4: Regenerative medicine for biomaterial osteogenesis.
In order to analyze the changes of research hotspots in a period of time, VOSviewer software was used to generate the co-occurrence overlay visualization map of keywords, and the results showed that the keywords “bone regeneration”, “mesenchymal stem cells”, “vascularization”, “surface modification”, and “nanoparticles” have appeared frequently in the last 5 years (Figure 7).
[image: Figure 7]FIGURE 7 | Co-occurrence overlay visualization map of keywords. The color of each circle corresponds to the average publication year. The size of a circle is proportional to the frequency of occurrence of the keyword, and the thickness of the connecting line indicates the strength of the keywords co-occurrence link.
DISCUSSION
Bibliometric analysis can intuitively visualize the structures of literature data. By presenting visual results, bibliometric analysis can help researchers understand and master the research hotspots and research frontiers in their research fields (Yin M. et al., 2022; Chu et al., 2022). In addition, bibliometric analysis can systematically analyze the information of papers, authors, institutions, and countries or regions, so as to find the papers, authors, and institutions with the most academic value and influence (Glanville et al., 2011; Ramos et al., 2019; Koo, 2021). In this study, we conducted a systematic bibliometric analysis of the global academic publications of the field of biomaterials research in osteogenesis from 2000 to 2021.
The number of publications can reflect the academic productivity and development of the research fields in which the researchers work (Joshi, 2014; García-Villar and García-Santos, 2021). A total of 1,523 papers were included in this study, including 261 papers from 2021 (Figures 1, 2). According to the results of our study, in the 20 years from 2000 to 2021, the number of publications published in the field of biomaterials research in osteogenesis showed a general trend of gradual growth. This trend showed that biomaterials research in osteogenesis would still be a hot research field, and more and more scholars would participate in the field of biomaterials research in osteogenesis. In addition, scholars also pay more attention to the exploration of novel biomaterials.
The number of publications in a certain research field is an important indicator to measure the level of scientific research of an institution, country or region (Joshi, 2014; Koo, 2021). The results of our study showed that China and the United States were the two countries with the largest number of publications published in the field of biomaterials research in osteogenesis (Table 1 and Figure 3A). This highlighted the academic influence of China and the United States in the field of biomaterials research in osteogenesis. In addition, we also noted that Germany had also made a significant contribution in the field of biomaterials research in osteogenesis in the last 20 years. International cooperation is now an important way to realize innovation and solve existing scientific research conundrums (Dara et al., 2017). From 2000 to 2021, many countries or regions in the world had carried out relevant cooperative studies in the field of biomaterials research in osteogenesis. In addition, the results of our study showed that China had the most frequent international cooperative research (Figure 3B). Chinese Academy of Sciences was regarded as the institution with the most academic productivity in the past 20 years (Table 2), and had cooperated and communicated with most influential scientific research institutions in the field of biomaterials research in osteogenesis, including Shanghai Jiaotong University, Sichuan University, Zhejiang University, and Queensland University of Technology (Figure 4). The above results show that countries or regions and scientific research institutions with high academic level tend to cooperate in research, indicating that international cooperative research in the field of biomaterials research in osteogenesis will still be the research trend in the near future.
The journal related metrics data obtained by bibliometric analysis can provide reliable support for scholars to search literatures or publish articles (Chiang et al., 2018; Brandt et al., 2019). Most of the top 10 journals that published papers on the field of biomaterials research in osteogenesis belong to biomaterials and related fields. The results of our study showed that Acta Biomaterialia published the most papers in the field of biomaterials research in osteogenesis, while the total number of citations of Biomaterialia were the highest (Table 3). In addition, the results of our study showed that the most frequently cited paper is Porosity of 3D Biomaterial Scaffolds and Osteogenesis written by Vassilis Karageorgiou and David Kaplan from Department of Chemical and Biological Engineering, Tufts University (Table 4). The above results indicate that these most influential journals and highly cited papers can provide academic inspiration and guidance for scholars in the field of biomaterials research in osteogenesis. Biomaterials research in osteogenesis plays an important role in biomaterials and related fields.
Based on the Web of Science Core Collection database, Wu CT and Chang J published the most papers related to biomaterials research in osteogenesis. While, the scholar with the largest total number of citations was Wu CT (Table 5). In addition, it can be seen from the co-authorship overlay visualization map and the co-citation overlay visualization map that Wu CT, Chang J, Xiao Y, and Kaplan, DL published a considerable number of highly cited papers (Figures 5A,B). The authors mentioned above can be regarded as the leaders in the field of biomaterials research in osteogenesis.
Due to the heterogeneity of the field of biomaterials research in osteogenesis, we divided the keywords in our study into 5 clusters through double-clustering analysis (Figure 6). Cluster 0 was associated with the immunomodulatory role of biomaterial-related inflammatory. Biomaterials are foreign matters to the human body and will cause a series of immune reactions after implantation (Masui et al., 2005; De Avila et al., 2020). Inflammation caused by biomaterials is generally not conducive to the long-term existence of biomaterials in the host, so the focus is on minimizing inflammation. In this inflammatory responses, macrophages may derive from peripheral blood monocytes and become activated, which leads to a range of phenotypes including pro-inflammatory (M1-like), or anti-inflammatory and tissue repair (M2-like) macrophages (Razzi et al., 2020). Recent studies have shown that biomaterials can induce different immune responses (Franz et al., 2011; Brown et al., 2012; Shayan et al., 2018) and that these responses may stimulate subsequent osteogenesis (Li B. et al., 2018; Bai et al., 2018; Sadowska et al., 2018). Cluster one was associated with mechanisms of osteogenesis in biomaterials. Bone is a complex dynamic system in which different biological processes and structural features play complementary roles in osteogenesis (Clarke, 2008). After the biomaterial is implanted into the host, the surface of the material is in direct contact with the bone tissue, so the surface characteristics of the material have a great influence on the osteogenesis. Increasing the surface roughness of biomaterials can increase the contact area between biomaterials and bone tissue. In vitro, rough biomaterial surfaces could promote osteoblast differentiation and mineralization, leading to osteogenesis (Anselme and Bigerelle, 2005; Novaes et al., 2010). Osteoblasts cultured on rough surfaces increased the production of alkaline phosphatase and osteocalcin, which were cellular markers of osteoblast differentiation (Schwartz et al., 1999). Cluster two was associated with 3D printing and clinical application of biomaterials. Porous biomaterial scaffolds made by 3D printing can reduce their elastic modulus and match that of bone tissue, thus facilitating osteogenesis (Li et al., 2016b). More importantly, 3D printing can produce irregularly shaped or patient-specific biomaterial scaffolds to meet practical clinical needs (Xiu et al., 2016). In addition, 3D-printed biomaterial scaffolds contain internal lattice structures that can accommodate newly formed bone tissue, enabling good bone-implant integration (Wang et al., 2014; Shah et al., 2016). Cluster three was associated with bone tissue engineering for biomaterial osteogenesis. Bone tissue engineering is a Frontier interdisciplinary discipline in the field of life science in the 21st century, which consists of bioengineering, cell transplantation, and materials science, aiming at constructing biological substitutes for bone injury repair (Qi et al., 2021). Bone tissue-engineered biomaterial scaffolds provide a three-dimensional space for cell proliferation, tissue growth, and vascularization, thereby facilitating osteogenesis. Good bone tissue-engineered biomaterial scaffolds have osteogenesis, osteoconductivity, osteointegration, and osteoinductivity, thus simulating new bone formation (Velasco et al., 2015). The porosity and pore size of biomaterial scaffolds are important factors to regulate the degradation and mechanical properties of scaffolds, thus promoting cell differentiation and new tissue formation (Wang et al., 2015). At present, natural biomaterials, synthetic biomaterials, and metal materials are widely used in bone tissue engineering (García-Gareta et al., 2015). Cluster four was associated with regenerative medicine for biomaterial osteogenesis. Bone is a dynamic, vascularized tissue with a strong regenerative capacity. Chitosan scaffolds can promote the proliferation and attachment of osteoblasts and mesenchymal stem cells, contributing to osteogenesis and thus promoting bone regeneration (LogithKumar et al., 2016). Phosphorylated and sulfate chitosan can promote mineralization and vascularization in the presence of bone morphogenetic protein 2, which can provide a suitable platform for bone regeneration (Pan et al., 2018). Therefore, chitosan scaffolds play an important role in the field of regenerative medicine for biomaterial osteogenesis. Although cluster 3 (bone tissue engineering for biomaterial osteogenesis) and cluster 4 (regenerative medicine for biomaterial osteogenesis) are similar groups, there are still some differences. Regenerative medicine for biomaterial osteogenesis, for example, places more emphasis on the role of biomaterials in bone regeneration. However, compared with regenerative medicine for biomaterial osteogenesis, bone tissue engineering for biomaterial osteogenesis focuses not only on the application of biomaterials in promoting bone growth, but also on the biomechanical and supporting effects of biomaterials in vivo. Therefore, the above two have both difference and connection. Bone tissue engineering and regenerative medicine are important research directions in the field of biomaterials research in osteogenesis in the future.
Keyword co-occurrence overlay visualization analysis is a widely accepted method to identify research hotspots and predict research trends (Chen, 2004). The results of our study showed that the keywords such as “bone regeneration”, “mesenchymal stem cells”, “vascularization”, “surface modification”, and “nanoparticles”, in recent 5 years, appeared frequently (Figure 7), indicating that mechanisms of osteogenesis in biomaterials, bone tissue engineering for biomaterial osteogenesis, and regenerative medicine for biomaterial osteogenesis will still be the research hotspots in the future for many years. The skeletal system contains a holistic system of mesenchymal stem cells, osteoprogenitor cells, and osteoblasts to maintain lifelong bone formation. Osteogenesis is essential for the homeostatic renewal of bone and regenerative fracture healing. There is a coupling relationship between the growth of blood vascular and osteogenesis in bone. A study has demonstrated the existence of a novel subtype of capillaries in the mouse skeletal system with unique morphological, molecular and functional properties (Kusumbe et al., 2014). These vessels are located in specific locations to mediate the growth of the bone vessels, generate different metabolic and molecular microenvironments, maintain perivascular osteoprogenitor cells and couple angiogenesis to osteogenesis. This provides an inspiration for the research direction of biomaterials acting on vascularization to promote osteogenesis. Takeuchi et al. (2019) found that mesenchymal stem cells derived exosomes promoted bone regeneration and enhanced vascularization at early stage. This provides enlightenment for the research direction of biomaterials acting on mesenchymal stem cells to promote osteogenesis. Biomaterials with suitable surface modification strategies have made important contributions to the rapid development of bone tissue engineering. Surface modification of biomaterials focuses on enhancing the bioactivity and osteoinductivity of biomaterials on the basis of reducing the intrinsic elastic modulus of biomaterials to achieve osteogenesis. Carbonated hydroxyapatite bioceramic coatings have good surface bioactivity and biocompatibility, as well as better wetting, thus improving protein adhesion and enhancing biological cascade events of bone marrow mesenchymal stem cells, including cell adhesion, proliferation, osteogenic differentiation, and especially the production of proangiogenic growth factor (Li S. et al., 2018). In addition, micro-arc oxidation is a novel and effective method to prepare nanoporous coatings with high bioactivity and osteogenesis. Li et al. (2020) added biological magnesium (Mg2+) to a coating by micro-arc oxidation and developed the nanoporous coatings with excellent osteogenesis in vitro. Surface modification of biomaterials makes it possible for some materials with poor bioactivity and osteoinductivity to be applied in the field of bone regeneration. Polyetheretherketone (PEEK) is a promising polymeric material for orthopedic implants due to its suitable mechanical properties that well match natural cortical bone tissue. However, the inert biological properties of PEEK limit its clinical application. One study introduced eucommia ulmoides polysaccharides to the surface of PEEK via polydopamine-based coating and form a bioactive PEEK material, thereby enhancing its osteointegration with bone tissue (Mengdi et al., 2022). The introduction of nanoparticles into bone tissue engineering strategies is beneficial to osteogenesis and the regeneration of large bone defects. Li et al. (2020) designed zeolitic imidazolate framework-8 nanoparticle modified catechol-chitosan multifunctional hydrogels are biocompatible and enhance paracrine of vascular endothelial growth factor in bone marrow mesenchymal stem cells, ensuring the reconstruction of blood supply to bone defects. In addition, zeolitic imidazolate framework-8 nanoparticless released by hydrogel can also up-regulate the production and secretion of alkaline phosphatase, collagen 1, and osteocalcin, and promote the osteogenic differentiation of bone marrow mesenchymal stem cells. In addition, Ghosh et al. (2022) prepared hybrid nanocomposites by using graphene nanoribbons and nanoparticles of hydroxyapatite, which could potentially improve osteogenesis. A study showed that the silk fibroin/nano-hydroxyapatite/hyaluronic acid composite scaffolds had excellent cell proliferation and osteogenic differentiation ability (Wang et al., 2021). This further indicates that the nanostructure has a good application prospect in the field of biomaterial osteogenesis. Our study also shows that many scholars are still making efforts to explore the field of biomaterials research in osteogenesis, in order to produce biomaterials with excellent osteogenesis performance so as to be applied in clinical practice as soon as possible in the future.
The literature data about biomaterials research in osteogenesis were all obtained from the Web of Science Core Collection database. After that, bibliometric analysis and visualized analysis were used to systematically analyze the research status of the field of biomaterials research in osteogenesis, making this study relatively comprehensive and objective. However, there are still some limitations in this study. Papers published before 2000 and in 2022 were not included in this study. In addition, non-English language papers were not included in this study. Therefore, subsequent studies will include papers published before 2000 and recently as well as papers in non-English languages to supplement and refine this study.
CONCLUSION
To sum up, in the 20 years from 2000 to 2021, the number of annual papers about biomaterials research in osteogenesis showed a trend of continuous growth. China is the leading country in the field of biomaterials research in osteogenesis, and Chinese Academy of Sciences has also achieved important relevant research results. It plays a certain role in promoting the development of biomaterials research in osteogenesis. In addition, Wu CT, Chang J, Xiao Y, and Kaplan, DL made important contributions in the field of biomaterials research in osteogenesis. Research hotspots analysis showed that mechanisms of osteogenesis in biomaterials, bone tissue engineering for biomaterial osteogenesis, and regenerative medicine for biomaterial osteogenesis will still be the research hotspots in the future. International cooperation is increasingly favored by various countries or regions and scientific research institutions, which is very important for the expansion and deepening of biomaterials research in osteogenesis. The results of this study provide a research basis and a new Frontier for biomaterials research in osteogenesis in the future.
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