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Background: Biomaterials have seen extensive use in biomedicine in the past decade. However, being foreign substances when implanted in the human body, they inevitably trigger immune responses. This study aimed to summarize existing articles on biomaterials and immune responses and explore their latest trends.Methods: We used the Web of Science Core Collection database (WoSCC) to access literature related to biomaterials and immune response. This comprehensive review of the knowledge domain allowed us to identify potential future research directions.Results: In this study, we analyzed 5,993 articles on biomaterials and immune response published between 1990 and 2022. Badylak, SF, stood out with the highest number of publications, the highest h-index, and the most average citations. The Journal of Biomaterials secured the top position as the most productive journal with the highest citation count. The emerging research hotspots are centered in regeneration medicine around keywords such as “biocompatibility,” “wound healing,” “osteogenesis,” “angiogenesis,” and “bone regeneration.”Conclusion: The present study summarizes the global trends in biomaterials and immune response. Future efforts should concentrate on advancing the application of biomaterials in the medical field, conducting in-depth mechanistic studies, exploring the intricacies of immune responses, and ensuring the biosafety of biomaterials.Keywords: biomaterials, immune response, bibliometric, trends, emerging topics
1 INTRODUCTION
The term “biomaterial” was initially coined by Dr. Jonathan Cohen in 1967 (Cohen, 1967). His definition closely aligns with subsequent official definitions within the scientific community, reflecting the ongoing debate on what sets biomaterials apart. However, the first widely accepted definition of biomaterial is as follows: “A biomaterial is a systematically and pharmacologically inert substance designed for implantation within or incorporation into a living system” (Marin et al., 2020). Over the past few decades, biomaterials have found wide-ranging applications in the medical field, contributing to tissue repair, bone and skin regeneration, cancer therapy, drug delivery, management of diabetic chronic complications, and combating bacteria and inflammation (Lee et al., 2019; Bardill et al., 2022; Whitaker et al., 2021; Yazdi et al., 2022; Zhang et al., 2022; Sun et al., 2021; Khare et al., 2020; Niu et al., 2021; Adepu and Ramakrishna, 2021; Liang et al., 2022; Ren et al., 2022). For instance, hydrogels have shown great promise in clinical trials, demonstrating exceptional biocompatibility (BC) and biosafety (Rowe et al., 2022; Barbosa et al., 2022; Moussa et al., 2023; Zhang et al., 2023a). Similarly, other biomaterials, such as nano-based medications, have been successfully deployed in medical practice (Fahim et al., 2022; Bateni et al., 2021; Asadi et al., 2020). Although bioinert materials did not trigger adverse reactions post-implantation, they could not often promote regeneration of parenchymal tissue. In certain tissues, such as bone, this deficiency in regeneration hampered implant success. The breakthrough in bone tissue regeneration was achieved with the development of titanium (Ti) implants (Abaricia et al., 2021). Consequently, the focus of biomaterials research shifted from bioinert to bioactive implants (Frevert et al., 2018).
While biomaterials have offered substantial benefits in various medical applications, they can also pose challenges when introduced into the human body due to potential complications related to the immune system. For instance, bone, a tissue constantly undergoing renewal throughout one’s lifetime, relies on a dynamic remodeling process that involves both the breakdown and reconstruction of the extracellular bone matrix. This process enables bone tissue to adapt to mechanical and biological stimuli. Maintaining this delicate balance involves the participation of various cell types, including not only osteoclasts, osteoblasts, and osteocytes but also immune cells (Asadi et al., 2020). T cells, B cells, mast cells, and monocytes/macrophages collectively represent a significant proportion, up to 20%, of the cells present in bone and bone marrow (Chang et al., 2008; Sinder et al., 2015). In specific scenarios, damaged bone tissue necessitates the use of synthetic bone grafts (biomaterials) during the healing process. Inorganic biomaterials such as bioceramics and bioactive glasses are commonly used due to their similarity to the mineral phase of bone and their advantageous osteogenic properties. The host’s immune response to these exogenous inorganic biomaterials can determine whether active bone regeneration occurs or if the graft fails. Therefore, the immune response to biomaterials cannot be overlooked.
The field of biomaterials and biomedicine has recently experienced an increase in the application of scientometrics (Martín-Martín et al., 2021; Zyoud et al., 2022; Zhao et al., 2022a; Jiang et al., 2022; Zhao. et al., 2022b; Flores-Valenzuela et al., 2023; Zhang et al., 2023b). Despite the evident technical advantages of scientometrics, there is currently a dearth of scientometric and visualization studies related to biomaterials and the immune response. Thus, from a perspective of bibliometric analysis, this study intends to profile present features, uncover evolutionary developments and inherent associations, pinpoint noteworthy research domains in the intersection of biomaterials and the immune response, and provide substantial forecasts for this field.
2 MATERIALS AND METHODS
2.1 Search strategy
A comprehensive literature search was conducted in the WOSCC on 8 October 2023, with a publication period limit set to 2023. We utilized the MeSH database and identified nine terms to cover all aspects of biomaterials and thirteen terms to encompass expressions related to immune response. The specific retrieval rules were as follows: (((TS=(“Immune response”)) OR TS=(“Immunity”)) OR TS=(“HLA-D Antigens”)) OR TS=(“Histocompatibility Antigens Class II”)) OR TS=(“Immunity, Humoral’)) OR TS=(“Adaptive Immunity”)) OR TS=(“Immunity, Mucosal”)) OR TS=(“Immunity, Innate”)) OR TS=(“Immunity, Cellular”)) OR TS=(“Immunity, Active”)) OR TS=(“soluble immune-response suppressor, bone marrow”)) OR TS=(“TCIM protein, human”)) OR TS=(“soluble immune response suppressor”)) AND ((((((TS=(“Biomaterials”)) OR TS=(“Biocompatible Materials”)) OR TS=(“Materials Testing”)) OR TS=(“Materials Testing)) OR TS=(“Tissue Scaffolds”)) OR TS=(“Regenerative Medicine”)) OR TS=(“Biomimetic Materials”)) OR TS=(“Hydrogels”)) OR TS=(“Dental Implants”). We exclusively selected articles as the document type for this study, resulting in 5993 retrieved articles, which were imported in TXT format. The complete retrieval process is illustrated in Figure 1, and for detailed steps, we referred to previous studies (Dehghanbanadaki et al., 2022; Dong et al., 2023; Guo et al., 2023a; Huang et al., 2023; Jiang et al., 2023; Zeng et al., 2023; Zhao et al., 2022c). As this study did not involve animals or human subjects, no ethical approvals were necessary.
[image: Figure 1]FIGURE 1 | The integrated retrieval process and inclusion-exclusion criteria.
2.2 Data analysis
Data on the yearly publications were extracted from the “Analyze results” section in WOSCC. Subsequently, we conducted further visualization and analysis using GraphPad Prism 7.0, Vosviewer (Version 1.6.18), Microsoft Excel 365, and R4.3.1. Publication numbers and citation counts are standard metrics used in scientometric and bibliometric analyses. Publication numbers reflect productivity, while citation counts indicate impact. The H-index, which connects productivity and impact, is employed to evaluate scholars’ academic contributions and predict their future research achievements (Guo et al., 2023b). It can also be used to assess the academic achievements of specific countries, affiliations, or journals.
3 RESULTS
3.1 Annual publication
Figure 2 illustrates the publication trends in the field of biomaterials and immune response from 1990 to 2022, using data sourced from WOSCC. Over this period, a total of 5,993 articles were published and recorded. The volume of articles has consistently maintained a high level since 2017, with a significant upswing that peaked at 743 articles in 2022. Citation counts for these articles exhibited a notable shift in trend. From 1990 to 2016, citation numbers showed relatively stable growth. However, in 2017, there was a turning point, and by 2022, the citation count reached its highest at 22,933. This substantial increase in annual citations reflects the growing significance of research at the intersection of biomaterials and immune response, suggesting their potential in both clinical and basic research endeavors.
[image: Figure 2]FIGURE 2 | Global scientific production of biomaterials and immune response from 1990 to 2022 annually.
3.2 Analysis of countries
Figure 3A presents a spatial distribution heatmap, where the intensity of the red color represents the publication rate of each country in this field. Notably, China and the USA emerged as the most prolific countries in this domain between 1990 and 2022. The top 10 countries are visualized in Figures 3B, C. The results highlight that both the number of articles and citations in these two countries significantly surpassed those in other countries. Interestingly, although Australia and the Netherlands had relatively fewer publications, the average article citations in them were notably high. This indicates that their research output is of exceptional quality and holds great potential in this field (Figure 3C; Table 1).
[image: Figure 3]FIGURE 3 | Countries-specific analyses of publications on biomaterials and immune response. (A) World map of studies on biomaterials and immune response with color-coding of the number of publications by each country. (B) The top 10 countries in output (corresponding authors included). (C) The top 10 countries in output (Number of documents and average article citations of each country). (D) Comparison of the number of articles published by the top 10 countries from 1990 to 2022.
TABLE 1 | A list of the top 10 most productive countries for biomaterials and immune response.
[image: Table 1]In Figure 3B, “Multiple Country Publications” (MCP) quantifies the number of articles with authors from various countries, while “Single Country Publications” (SCP) means articles with all authors hailing from the same country. Furthermore, when compared to other countries, the USA and China consistently held the top two positions in the number of annual publications between 1990 and 2022 (Figure 3D). In addition, we conducted an international collaboration analysis between different countries (Supplementary Figure S1A). This analysis revealed that the USA played a predominant role in international collaborations, primarily with the UK, South Korea, and Japan. Finally, we performed a density visualization using Vosviewer, considering countries with at least five publications. The USA was prominently featured as the central node in the network, underscoring its pivotal contributions to this field (Supplementary Figure S1B).
3.3 Analysis of affiliations
We have compiled a list of the top 10 productive affiliations in the field of biomaterials and immune response, as presented in Table 2 and Figure 4A. Notably, more than 50% of the most productive institutions in this field are located in the USA, including the University of California system, Harvard University, and Pennsylvania Commonwealth System of Higher Education (PCSHE). China secured the second position with three prominent affiliations: the Chinese Academy of Sciences, Shanghai Jiaotong University, and Sichuan University. It is noteworthy that while the University of Pittsburgh did not rank first in terms of the most productive institution, it did claim the top position in citations per article. This suggests that scholars at this university have been conducting meaningful and potentially impactful research.
TABLE 2 | A list of the top 10 most productive institutions for biomaterials and immune response.
[image: Table 2][image: Figure 4]FIGURE 4 | (A) Institutions ranked top 10 in the world related to biomaterial and immune response. (B) A visual map of the present status of inter-agency cooperation in this field. Different colors represent different cooperative groups, the lines in different colors represent different connections, and the width of lines indicates the close degree of cooperation. (C) Annual publications of the top 10 most productive institutions.
Vosviewer analysis included 5,993 articles, and we set the parameter for institutions to have published at least 20 articles (Figure 4B). Out of the 499 institutions, only 80 met this criterion. These institutions were divided into five clusters based on the degree of collaboration: 1) The green cluster, primarily represented by Shanghai Jiaotong University, the Chinese Academy of Sciences, and Zhejiang University. 2) The yellow cluster, is primarily represented by Stanford University and Washington University. 3) The red cluster, is primarily represented by the University of Pittsburgh. 4) The blue cluster, is primarily represented by MIT and Harvard Medical School. 5) The purple cluster, is mainly represented by Duke University and the University of Chicago. Additionally, the annual number of publications by the top 10 most productive institutions is displayed in Figure 4C. By 2023, two institutions had published over 200 articles in this field (University of California System and Harvard University).
The application of various inventions in the field of biomaterials holds significant potential for scholars to explore. Evaluating the clinical translation of the latest research achievements in a particular institute is best done by assessing the number of patents. To this end, we compiled patent numbers for these institutions in Table 3, utilizing an online platform. As shown in Table 3, the Chinese Academy of Sciences ranked first in the number of patents (both in the number of invention applications and inventions granted). The possible reason for this may be that the Chinese Academy of Sciences is a large academic organization, encompassing a substantial number of scholars.
TABLE 3 | The number of patents in the top 10 most productive institutions for 274 biomaterials and immune response.
[image: Table 3]3.4 Analysis of authors
Identifying the top authors in a specific field is crucial for tracking cutting-edge advances in that domain. In the articles included in this study, we identified a total of 35,803 authors. In Table 4, we have listed the top 20 most prolific authors. To offer a clear visualization of the data, we have included various charts (Figures 5A, B). We used a bar chart to present the h-index of the top 20 most productive authors in the field, and Badylak, SF maintained the highest h-index of 25. Moreover, we analyzed the countries of these top 20 authors (Figure 5B). Sixty percent of the top 20 most productive authors were from the USA, confirming its predominant role in this field, consistent with the country analysis. We created a bubble chart (Figure 5C). Additionally, we analyzed the annual citations of the top 10 most productive authors (Figure 5D). The evolution of annual citations reveals that Zhang Y reached its peak in annual citations in 2022, while Liu Y and Li Y did not achieve their highest annual citation counts over the last 3 years.
TABLE 4 | A list of the top 20 most productive authors in biomaterials and immune response.
[image: Table 4][image: Figure 5]FIGURE 5 | (A) The publications number of the top 20 most productive authors and average author citations of them. (B) H-index of the top 20 authors, the pie chart shows the top 20 authors’ country and their proportion. (C) Annual publications of the top 10 most productive authors. (D) Annual citation number of the top 10 most productive authors.
The number of patents serves as a reflection of the clinical translation and practical application of a particular scholar’s work. To assess this, we compiled the patent numbers for the top 20 most prolific authors in this field, as presented in Table 5. It was observed that several scholars, despite not ranking at the top in terms of publication numbers in this field (e.g., Langer, Robert), have focused on the clinical application of biomaterials, making a substantial impact. Conversely, some scholars have not translated their research results into practical applications, hindering the evolution of this field.
TABLE 5 | The number of patents in the top 20 most prolific authors in the field of biomaterials and immune response.
[image: Table 5]3.5 Analysis of journals
After conducting a comprehensive analysis, we found that Biomaterials and Acta Biomaterialia ranked in the top three for all metrics (Figures 6A–F; Table 6). Figure 6C presents the total citation numbers (excluding self-citations) for each journal. Despite its relatively small number of publications, ACS Applied Materials Interfaces ranks in the top three for average citations, Impact Factor in 2022, and h-index. This suggests that the Journal of ACS Applied Materials Interfaces has significant potential that scholars should pay attention to. These metrics also highlight that Biomaterials and Acta Biomaterialia are high-quality journals in the field, suitable not only for future research but also for publishing subsequent research work.
[image: Figure 6]FIGURE 6 | Scientometrics and visualization analysis of the top ten most productive journals. (A) A radar chart was used to exhibit the total number of publications and rank of the top ten most productive journals. (B) The total citation number of each journal was obtained from publication to 2022. (C) The total citation number of each journal was obtained from publication to 2022 (without self-citation). (D) The average citation of each journal from 1990 to 2022 is based on the total publications and citations of one journal. (E) The Impact factor (IF) of the top 10 most productive journals in this field in 2022. (F) The h-index of the top 10 most productive journals in this field.
TABLE 6 | A list of the top 10 most productive journals in biomaterials and immune response.
[image: Table 6]3.6 Overview of landmark articles in this field and the corresponding authors
The top 10 articles with the most citations were listed in Table 7. 70% of corresponding authors were from the USA, which was consistent with the previous analysis. The publication named Size- and shape-dependent foreign body immune response to materials implanted in rodents and non-human primates owned the highest citation(666 times). This article was from the USA, whose corresponding author was Anderson, DG. Journal named Nature Biotechnology and Journal of Materials Today published two articles respectively in the top 10 landmark publications. Corresponding author Anderson, DG published three articles, occupying 30% of the top 10 landmark articles in this field, indicating his great achievements and contributions in this field. Most of the articles were published around 2016, which means that at that time, biomaterials and immune responses were booming.
TABLE 7 | The top 10 landmark articles in the field of biomaterials and immune response.
[image: Table 7]3.7 Keywords analysis
In Table 8, we have listed the top 30 most common keywords according to WOS. “Expression,” “In-vitro,” “Cells,” “Immune-response,” and “Activation” are the top 5 keywords (Table 8; Figure 7B), indicating that most research is conducted in vitro. We also conducted a matrix heatmap (Figure 7A). Upon detailed trend analysis, we observed that the topic “Biocompatibility” has been gaining popularity since 2010, peaking in 2019. The most recent research hotspot appears to be “Healthcare workers,” which gained popularity in 2018 (Figure 7C). This suggests that healthcare or medical applications may currently be the focal point in the field of biomaterials and immune response.
TABLE 8 | A list of the top 30 most common keywords in biomaterials and immune response.
[image: Table 8][image: Figure 7]FIGURE 7 | Scientometrics and visualization analysis of top most common keywords. (A) The annual occurrence frequency of the top 10 most common keywords was visualized by a matrix heatmap. A rectangle chart with red means less amount of keywords and a rectangle chart with blue means more keywords number. (B) The total frequency of occurrence number of the top 20 most common keywords in this field. (C) Trend topics map of Author’s Keyword for publications published between 1990 and 2022. (D) Density visualization of keywords co-occurrence network. (E) Network visualization of co-occurrence author keywords. Circle size is based on the number of occurrences. (F) The timestamp visualization of all keywords co-occurrence network.
In addition, we conducted a density visualization of keyword co-occurrence (Figure 7D). The top 10 brightest keywords provide essential insights. For instance, the majority of current research focuses on in-vitro experiments, which are more observable. A clustering strategy was employed to visualize the co-occurrence of author keywords (Figure 7E). We limited all author keywords to at least 30 occurrences, resulting in 60 items used in this study. These items were categorized into six clusters. After excluding some confounding items, “angiogenesis” (TLS = 247), “antibodies” (TLS = 236), “biomaterials” (TLS = 139), “bone regeneration” (TLS = 136), “inflammation” (TLS = 47), and “tissue engineering” (TLS = 30) were identified as critical nodes in the collaboration network among these clusters. In Figure 7F, each node is color-coded based on the average time multiple of the keyword. Most high-frequency keywords had an average occurrence time before 2015, indicating shifts in research hotspots in recent years. Currently, scholars are focused on the practical application of biomaterials.
3.8 Thematic map
Based on the keywords analysis, we could learn about the general information in this field. Nevertheless, it was still difficult to discover which field is the next hot topic in the field of biomaterials and immune response. Therefore, We applied the “Thematic Map” module in the Bibliometric package to help with decision-making for scholars (Figure 8). The “Walktrap” algorithm, employing the Random Walk strategy, was employed to conduct community discovery analysis on a dataset comprising 13,201 author keywords. The x-axis value represents the significance of the research signatures within the field, while the y-axis value reflects the level of development of these research signatures in the field. The highlights in four distinct thematic quadrants were as follows: a) Motor Themes (First Quadrant): In this quadrant, three well-established and important themes emerge. The green mode theme includes keywords such as “biomaterials,” “tissue engineering,” “immunomodulation,” and “regenerative medicine.” These themes have a high relevance degree, indicating their importance, but are not yet central enough. Biomaterials are widely utilized in areas like tissue engineering, regenerative medicine, and immunomodulation. The blue mode theme encompasses keywords like “immunotherapy,” “vaccine,” and “dendritic cells,” with a development degree greater than the relevance degree. This suggests that biomaterials have been employed in fields like vaccines, drug delivery, and breast cancer. The pink mode theme has the highest centrality in this quadrant, with keywords like “cytokines’ and “innate immunity,” indicating substantial progress in understanding how biomaterials interact with the human immune system at a microcosmic level. b) Niche Themes (Second Quadrant): This quadrant comprises a well-developed theme centered around the keyword “ELISA,” but it is not highly relevant to the current field. c) Emerging or Declining Themes (Third Quadrant): This quadrant features themes that are not well-developed and are either just emerging or on the decline. It includes three themes: the orange mode theme (involving the keyword “vaccination”), the grey mode theme (with keywords “immunity” and “antibodies”), and the blue mode theme (encompassing keywords “COVID-19”and “SARS-CoV-2”). This quadrant suggests that research related to COVID-19 and SARS-CoV-2 is waning in the context of biomaterials and immune response. d) Basic Themes (Fourth Quadrant): This quadrant highlights an important but not well-developed theme. It includes keywords such as “immune” inflammation, “response,” macrophage,” biocompatibility, “macrophages, “macrophage polarization,” “wound healing,” osteogenes1s, “angiogenesis,” and “bone regeneration.” The shift in research focus toward biomaterial medical applications is evident.
[image: Figure 8]FIGURE 8 | The thematic map of the field in biomaterials and immune response.
4 DISCUSSION
This study presents a pioneering effort in utilizing bibliometrics to comprehensively analyze the global trends in biomaterials and immune response from 1990 to 2022.
4.1 General information
The study included a total of 5,993 articles that met our inclusion criteria. These articles were published across 1,918 journals and produced by 5,922 institutions in 121 countries/regions. The first article in this field was published in 1990, which explored microencapsulation for the prevention of CTL and NK cell-mediated cytotoxicity (Soonshiong et al., 1990). As materials science advanced, scholars from both material and medical backgrounds realized the potential of biomaterials in enhancing research and innovation.
The spatial distribution of contributing countries/regions revealed several notable trends. The United States and China emerged as the two most prolific countries in the field, with each producing over 1,000 articles (Figure 3A). Additionally, the United States ranked first in both MCP and SCP numbers among all countries, indicating that American scholars not only conducted research programs and published articles in collaboration with domestic partners but also embraced international collaboration. China has made a significant contribution in terms of the number of published articles; however, the average citation rate remains relatively low. To address this issue, Chinese authorities and governments should allocate more resources to advance biomaterials and medical applications. This investment will not only boost the impact of Chinese research but also significantly contribute to the advancement of this field.
The present study further analyzes the top institutions that have contributed to the field of biomaterials and immune response. We also found that although several institutions did not publish a large number of articles, their citations per article were relatively high (University of Pittsburgh and Pennsylvania Commonwealth System of Higher Education). This trend suggests that scholars in these two institutions have made significant contributions to the field and conducted more in-depth research compared to other institutions. Furthermore, our findings indicate that institutions often collaborate with others, both domestically and internationally. In the field of biomaterials and immune response, researchers from medical and material fields often need to collaborate with other disciplines, which explains the widespread inter-institutional collaborations (Figure 4B). After identifying the top institutions, we analyzed the top authors in this field. In contrast, we also noticed that several authors with fewer publications and more citations (Wu, Chengtie, and Langer, Robert) indicated that their scientific work in this field has great potential. 60% of the top 20 most productive authors in this field were from the USA, indicating the leading role of the USA.
Among the top 10 most productive journals in this study, Biomaterials ranked first in the number of publications (221), total citations (15,005), total citations without self-citation (14,871), average citations (67.9), and h-index (70). This underscores its dominant status in the field of biomaterials and immune responses (see Figures 6A–F). Conversely, certain journals published relatively fewer articles but garnered larger total citations (e.g., Tissue Engineering Part A: 55 vs. 2,299; ACS Applied Materials Interfaces: 54 vs. 2,008). This suggests that articles published in these two journals made substantial contributions to the field. Keyword analysis identified “inflammation” as a prominent term, and among the top 30 keywords, Analysis of keyword trends revealed that “biocompatibility” gained popularity over the years, peaking in 2019. “Cytokines” and “Immune response” saw increased interest in 2012, while “Biomaterials” gained prominence in 2014. Emerging trends, such as “Hydrogel” in 2016 and “Wound healing” in 2017, were also observed. Recent hotspots are centered around “Healthcare workers,” indicating a shift toward medical applications.
4.2 Research hotspots and frontiers
Keywords are pivotal tools to illustrate the core value of one article. Thus it follows logic to assess keywords to summarize the latest and hottest research interest. As is displayed in Table 6, keywords with high occurrence frequency mainly included expression (562), in-vitro (443), cells (408), inflammation (262), tissue (255), etc. We also conducted cluster analysis in this study according to keywords co-occurrence, generating eight clusters reflecting different parties (Figure 7E). The main content is as follows:
4.2.1 Biomaterials in tissue engineering and regenerative medicine
Tissue engineering and regenerative medicine (TE-RM) primarily intended to create biological alternatives for the sake of restoring or maintaining damaged tissues (Hernández-González et al., 2020; Hickey and Pelling, 2019; Farshidfar et al., 2023). The application of biomaterials in tissue engineering and regenerative medicine (TE-RM) has promising prospects. Specifically, biomimetic natural biomaterials (BNBMS), derived from regenerative resources such as plants and animals, offer a biomimetic environment conducive to cell adhesion and growth, encompassing various functions within their natural setting (Liu et al., 2023; Huang et al., 2017; Ullah and Chen, 2020). According to previous publications, BNBMS has attracted wide attention.
Chitosan, either loaded with conductive substances or modified with electroactive functional groups, has been employed in tissue engineering for applications in cardiac, skin, nerve, and muscle tissues, as well as in diagnostic processes (Dong et al., 2017; Ryan et al., 2018; He et al., 2018; Song et al., 2019). Moreover, PVQ/HA composites, incorporating crystal structures and ordered folding units and introducing a hierarchical structure, have been demonstrated to be effective in tissue engineering for cardiac, skin, neural, cartilage, bone, and muscle tissues (Kim et al., 2021; Lin et al., 2019; Wang et al., 2019). Moreover, PEG/gelatin, subject to various surface treatments (including plasma treatment, templating, spraying, electrochemical methods, self-assembly, vapor deposition, and etching), has been employed in cell culture, gradient scaffold construction, skin repair, dentistry, and artificial vascular applications (Fan and Guo, 2020; Hancock et al., 2011; Hancock et al., 2012). Additionally, PEG/PVA/MNP, incorporating magnetic nanomaterials, has been employed to assist in cartilage and bone tissue engineering, as well as in diagnostic applications (Rittikulsittichai et al., 2016; Li et al., 2021; Tang et al., 2019). Moreover, PAA/gelatin/SA, coupled with chemical modification and ion complexation, has been utilized in the repair of skin, nerve, muscle, and cartilage tissues (Hancock et al., 2012). Besides, HAP/HA/PLGA/collagen, subjected to various treatments such as electrospinning, lithography and molding, microfluidics, 3D printing, and sacrificial methods, has demonstrated the ability to guide cell fate and contribute to nerve and bone tissue regeneration (Liu et al., 2022; Zhao et al., 2021; Yang et al., 2021).
4.2.2 Biomaterials in tumor immunotherapy
Over the past decades, immunotherapy in cancer has widely acknowledged significant success, harnessing the human immune system for therapeutic purposes (Mellman et al., 2011). Unlike traditional post-surgery radiation therapy and chemotherapy, cancer immunotherapy operates by precisely targeting and killing cancer cells through effector T cells, minimizing side effects on normal cells (McGuire, 2015). Despite the significant advantages of cancer immunotherapy, only a minority of patients benefit from these treatments, and a substantial number show limited responses (Sambi et al., 2019). Biomaterials have emerged to solve this problem over the past decades (Chen et al., 2019; Bencherif et al., 2015; Sullivan et al., 2010; Stephan et al., 2015).
Biomaterials have been regarded as one drug delivery platform in cancer therapy for many years, with several priorities (Riley et al., 2019; Wang and Mooney, 2018). 1) Protective Function: Biomaterials play a significant role in safeguarding therapeutic cargos from degradation post-administration. They contribute to prolonging circulation time and improving the pharmacokinetic performance of cargo during the delivery process. 2) Targeted Delivery: Through rational design or functionalization, biomaterials facilitate the delivery of immunotherapeutic cargos specifically to targeted cells within immunologic organs or the tumor microenvironment (TME). 3) Enhanced Cellular Internalization: Functionalized biomaterials promote the cellular internalization of therapeutic agents. 4) Diverse Delivery Platforms: Biomaterials, such as NPs, can be developed for the systemic delivery of therapeutic cargo. Simultaneously, implants or scaffolds offer an alternative platform for local delivery, showcasing the versatility of biomaterials in different delivery scenarios (Ruan et al., 2022). In summary, biomaterials-assisted immunotherapies achieve more precise and improved antitumor immunity, targeting specific cells, enhancing internalization, and synergizing different therapeutic agents (Liu et al., 2018).
5 CONCLUSION
In conclusion, the present study has provided a systematic understanding of biomaterials and their interaction with the immune response from 1990–2022. The United States and China have been at the forefront of research efforts in this area. Badylak, SF, stood out with the highest number of publications, the highest h-index, and the most average citations. The Journal of Biomaterials secured the top position as the most productive journal with the highest citation count. The emerging research hotspots are centered in regeneration medicine around keywords such as “biocompatibility,” “wound healing,” “osteogenesis,” “angiogenesis,” and “bone regeneration.” In short, this field has established a strong foundation, but there is a continued need for dedicated efforts to further advance it and innovate new biomaterials for the betterment of human health.
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