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Background: Metal-organic frameworks (MOFs) are hybrid materials composed of metal ions or clusters and organic ligands that spontaneously assemble via coordination bonds to create intramolecular pores, which have recently been widely used in biomedicine due to their porosity, structural, and functional diversity. They are used in biomedical applications, including biosensing, drug delivery, bioimaging, and antimicrobial activities. Our study aims to provide scholars with a comprehensive overview of the research situations, trends, and hotspots in biomedical applications of MOFs through a bibliometric analysis of publications from 2002 to 2022.
Methods: On 19 January 2023, the Web of Science Core Collection was searched to review and analyze MOFs applications in the biomedical field. A total of 3,408 studies published between 2002 and 2022 were retrieved and examined, with information such as publication year, country/region, institution, author, journal, references, and keywords. Research hotspots were extracted and analyzed using the Bibliometrix R-package, VOSviewer, and CiteSpace.
Results: We showed that researchers from 72 countries published articles on MOFs in biomedical applications, with China producing the most publications. The Chinese Academy of Science was the most prolific contributor to these publications among 2,209 institutions that made contributions. Reference co-citation analysis classifies references into 8 clusters: synergistic cancer therapy, efficient photodynamic therapy, metal-organic framework encapsulation, selective fluorescence, luminescent probes, drug delivery, enhanced photodynamic therapy, and metal-organic framework-based nanozymes. Keyword co-occurrence analysis divided keywords into 6 clusters: biosensors, photodynamic therapy, drug delivery, cancer therapy and bioimaging, nanoparticles, and antibacterial applications. Research frontier keywords were represented by chemodynamic therapy (2020–2022) and hydrogen peroxide (2020–2022).
Conclusion: Using bibliometric methods and manual review, this review provides a systematic overview of research on MOFs in biomedical applications, filling an existing gap. The burst keyword analysis revealed that chemodynamic therapy and hydrogen peroxide are the prominent research frontiers and hot spots. MOFs can catalyze Fenton or Fenton-like reactions to generate hydroxyl radicals, making them promising materials for chemodynamic therapy. MOF-based biosensors can detect hydrogen peroxide in various biological samples for diagnosing diseases. MOFs have a wide range of research prospects for biomedical applications.
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1 INTRODUCTION
Metal-organic frameworks (MOFs) are hybrid materials composed of metal ions or clusters and organic ligands that spontaneously assemble via coordination bonds to create intramolecular pores (James, 2003; Kitagawa, 2014). They are a class of crystalline materials with ultra-high porosity and substantial internal surface area (Zhou et al., 2012). MOFs can be synthesized using metal ions or metal-containing clusters and organic ligands via microwave-assisted (Chen et al., 2019), sonochemical (Yu K. et al., 2021), solvothermal (Wang et al., 2019), mechanochemical (Głowniak et al., 2021), microfluidic (Hu C. et al., 2020), dry-gel conversion (Zhuang et al., 2020). The structural parameters of MOFs and their derived functional materials can be tuned by adjusting the metal nodes and ligands in MOFs and controlling their morphology (Liu et al., 2021). Due to their versatility and ability to be tailored for specific applications, MOFs have been used in an extensive range of adsorption (Zhang et al., 2022b), gas storage and separation (Li et al., 2019), catalysts (Rosen et al., 2022), sensors (Yuan et al., 2022). The application of MOFs in the biomedical field has become a rapidly growing research hotspot (Gupta et al., 2016). Due to their stability, biocompatibility, biodegradability, and low cytotoxic effects, MOFs are a promising biomaterial for many biomedical applications (Awasthi et al., 2022). MOFs and their derivatives have been studied for biosensing (Zhang et al., 2022a; Yan et al., 2023; Yu et al., 2023), drug delivery (Abánades Lázaro and Forgan, 2019), bioimaging (Wang, 2017), and antimicrobial activities (Yang and Yang, 2020; Pettinari et al., 2021).
Bibliometrics is a field of study that measures and analyzes the influence of scholarly publications using quantitative approaches. It provides a quantifiable measurement for the significance of a research study, typically by measuring the number of citations a publication receives (Cooper, 2015). Using bibliometric analysis, it is possible to assess the impact of individual researchers, institutions, journals, countries, and research topics. Bibliometrics can also help researchers identify research trends, recognize essential research questions, and evaluate the impact of individual research projects. Bibliometrics has become an essential instrument for evaluating research and research institutes.
Many articles have reviewed the biomedical applications of MOFs; however, the field needs bibliometric analysis. To fill this gap, we performed a systematic and comprehensive bibliometric analysis to overview the current research trends concerning the biomedical applications of MOFs. Our study offers a bibliometric analysis of the biomedical applications of MOFs in terms of the annual growth of publications, countries/institutions/authors, most influential journals, references, and keywords to provide a holistic view. Additionally, keyword co-occurrence networks analysis and burst keyword detection based on VOSviewer and CiteSpace were utilized to describe and discuss research classifications and hot topics trends for MOFs biomedical applications.
2 METHODS
2.1 Systemic search strategy
Searched in the Web of Science Core Collection were conducted using the following search phrases: TS=(“Metal-Organic Framework” OR “Metal Organic Framework”) AND TS= (“antibacteri*” or “antimicrob*” or “bioassay*” or “biodevice*” or"bioelectronic*” or “bioimaging” or biomarker or “biomedic*” or “biosens*” or “cancer” or “diagnos*” or “disease” or “drug deliver*” or “electronic skin” or “healthcare” or “human breath monitoring” or “health monitor*” or “immunosens*” or “medic*” or “medical device” or “nanomedic*” or “stem cell engineer*” or "*therap*” or “tumor” or “theranos*” or ‘‘tissue engineering” or “wearable device*”) NOT AK=(“adsorption”) NOT TS=(“pesticides” or biofuel or ”*water treatment” or food pack* or food analysis or “environment* applicat*”) (Zhu et al., 2022; Gu et al., 2023). The retrieved publications were downloaded and managed in plain text file format, and record content includes full records and cited references. Due to the rapid rate of scientific research being published and updated, data retrieval and download was completed in one day on 19 January 2023.
2.2 Eligibility criteria
The inclusion criteria for the database were limited to studies that met the following conditions: 1) article and review article indexed in the database, 2) published and had sufficient data for analysis, 3) written in English, 4) published before the end of 2022, and 5) relevant to the research content. Any studies that did not meet these criteria were excluded from the analysis. In total, 291 studies were excluded. Figure 1 depicts the detailed process of publications inclusion and exclusion.
[image: Figure 1]FIGURE 1 | Criteria and flowchart for inclusion and exclusion of studies.
2.3 Bibliometric data analysis
Various characteristics of the papers were systematically described, including country or region, institution, author, journal, reference, and keywords. The downloaded and inspected data were integrated into the bibliometric analysis software to construct bibliometric maps.
RStudio V4.2.2 with the Bibliometrix package installed was used to extract and analyze the main message of downloaded publications (Aria and Cuccurullo, 2017). The number of publications and annual growth condition were extracted in the overview section; the information on journals was extracted in the sources section; the citation of publications, reference citations, and keywords occurrence frequency was extracted in the document section. All the extracted data were saved in CSV format.
VOSviewer 1.6.18 was used to analyze countries/regions, organizations, and keywords, and the counting method was set to full counting (Van Eck and Waltman, 2010). For analyzing the number of publications and citation frequency of countries and organizations, the type of authorship was selected as co-authorship or citation, and the unit of analysis is set as countries and organizations respectively. For constructing the keywords occurrence network, the type of authorship was selected as co-occurrence, and the unit of analysis was selected as author keywords.
CiteSpace 6.1R6 was used to conduct journal biplot overlay analysis, references co-citation analysis, and burst keyword identification (Chen, 2018). With 2 years as a slice, the subsequent analysis was carried out. The node types were selected as keyword and reference for clustering analysis, and the burst detection function was used to detect burst keywords. JCR Journal Maps was selected under the overlay map option, the Z scores method was selected, and a journal biplot overlay analysis was performed.
3 RESULTS
A total of 3,408 publications in the Web of Science Core Collection met the criteria to be included in the study.
3.1 Publications and annual growth
We analyzed the yearly growth of the study based on the publication year of the articles. The number of published studies increased annually between 2002 and 2022 (Figure 2), with an annual growth rate of 40.11%, indicating that biomedical applications of MOFs are attracting increasing attention from researchers. Prior to 2014, researchers paid little attention to MOFs in biomedical research. However, there has been a rapid rise in related studies since then.
[image: Figure 2]FIGURE 2 | Trends in the number of publications from 2002 to 2022.
3.2 Countries/institutions/authors
The included publications come from 14,806 authors from 2,209 institutions in 72 countries.
The top ten countries in terms of the number of publications are shown in Table 1. Researchers from China published the highest number of papers (n = 2,466, 72.36%), followed by the United States (n = 283, 8.30%), with publications from China accounting for more than half of the total. The country with the highest number of publication citations was China (n = 84,650/Ave = 34.33), followed by the United States (19,668/69.50) and South Korea (7,234/88.22). Researchers from France published studies that received the most citations on average for each publication (90.43), followed by South Korea, Germany (75.48), the United States, and Australia (65.68). H-index is an indicator that is composed of multiple factors. It can be used to measure academic achievement (Hirsch, 2007). China ranked first on the H-index (124), followed by the United States (69). We conducted a visual analysis of the collaboration among countries and constructed a collaboration network (Figure 3A). In this diagram, the number of countries published is represented by the length of the arc, and the intensity of cooperation between countries is depicted by the width of the lines that link the arcs. China showed close collaborations with the United States, Australia, and Singapore, and the United States had active collaborations with Australia, India, and South Korea.
TABLE 1 | Top 10 countries/regions and institutions.
[image: Table 1][image: Figure 3]FIGURE 3 | The cooperation network map of countries/regions and institutions. (A) Countries/regions; (B) Institutions.
The top ten institutions based on the number of included publications were summarized in Table 1. The most productive institution was the Chinese Academy of Sciences (310 publications/15,700 citations), followed by Nanjing University (106/6,022) and the University of Chinese Academy of Sciences (101/5,307). Figure 3B shows the collaborative network of the institutions. The number of articles issued is indicated by the label size, and the closeness of cooperation is shown by the line thickness. The Chinese Academy of Sciences collaborated most closely with the University of Chinese Academy of Sciences and the University of Science and Technology of China.
The average number of co-authors per document was 6.63, and only 22 publications had a single author, revealing a significant amount of collaboration amongst the researchers working in biomedical MOFs.
3.3 Journals
A total of 440 journals published research on biomedical applications of MOFs. We listed core journals in MOFs in biomedical applications according to Bradford’s Law (Heine, 1998) (Table 2). The most relevant journal was ACS Applied Materials Interfaces (291 publications/9,385 citations), followed by Sensors and Actuators B Chemical (100/3,195) and Chinese Chemical Letters (99/2,905). The journals obtained from the study are mainly related to chemistry, sensors, nanoscience, or biomaterials, indicating that MOFs have promising research prospects in these fields. Citation relationships between scientific journals indicate the exchange of knowledge, with the citing studies representing the frontiers of knowledge and the referenced studies forming the foundation (Xu et al., 2022). The collaborative network between related journals as shown in Figure 4, with the size of the circles indicating the centrality of the nodes. ACS Applied Materials & Interfaces, Journal of the American Chemical Society, Advanced Materials, Lacs Nano, and Advanced Functional Materials were the most popular journals for publishing research on this topic.
TABLE 2 | Core journals and top 10 co-cited references.
[image: Table 2][image: Figure 4]FIGURE 4 | The collaboration network map of journeys.
Dual-map overlay is a method designed by Chaomei Chen and Loet Leydesdorff for assessing, comparing, and contrasting publication portfolio features (Chen and Leydesdorff, 2014). A dual-map overlay was used to illustrate the citation linkages between journals (Figure 5). The left side of the figure shows the citing journals, and the right side shows the cited journals, with colored lines in the middle representing the connections between them. The analysis revealed that articles published in Physics/Materials/Chemistry journals typically cite articles from journals related to Chemistry/Materials/Physics and Molecular/Biology/Genetics.
[image: Figure 5]FIGURE 5 | The dual-map overlays of journeys.
3.4 References
A total of 130,835 references appeared in the included studies, the top ten references cited across the included studies as shown in Table 2. Porous metal-organic-framework nanoscale carriers as a potential platform for drug delivery and imaging was the most frequently cited reference (Horcajada et al., 2010).
The network of the reference co-citation was conducted to reveal the knowledge base (Figure 6A). Using 2 years as a slice, the top 2% of the articles were taken for cluster analysis. Upon completing the clustering process, the modularity Q score and weighted mean silhouette S were higher than 0.5, with values of 0.6172 and 0.8755, respectively. These two parameters indicate that the network was suitably divided into clusters with low inter-cluster connectivity and satisfactory homogeneity within clusters. The clustering markers for the study were the index terms extracted from the literature. The largest cluster was numbered #0 marked as “synergistic cancer therapy” (Li et al., 2017; Lan et al., 2018; Zhang et al., 2018), then in decreasing size were cluster #1 “efficient photodynamic therapy” (Lu K. et al., 2014; Park et al., 2016; Lismont et al., 2017), cluster #2 “metal-organic framework encapsulation” (Liang et al., 2015; Zheng et al., 2016; Lian et al., 2017), cluster #3 “selective fluorescent” (Morris et al., 2014; Zhang et al., 2014; Rodenas et al., 2015), cluster #4 “luminescent probe” (Kreno et al., 2012; Hu et al., 2014; Li et al., 2016), cluster #5 “drug delivery” (Cunha et al., 2013; Furukawa et al., 2013; Zhuang et al., 2014), cluster #6 “enhanced photodynamic therapy” (Wu and Yang, 2017; Lu et al., 2018; Simon-Yarza et al., 2018), cluster #7 “metal-organic framework-based nanozyme” (Huang et al., 2019; Liu et al., 2019; Wu et al., 2019). The temporal evolution of the reference co-citation analysis (Figure 6B) shows that cluster #5 “drug delivery” was one of the first clusters to emerge, and cluster #6 “enhanced photodynamic therapy” maintained a high intensity between 2020 and 2022. The results show that the application of MOFs in the biomedical field started with drug delivery. A new research trend in recent years is enhanced photodynamic therapy.
[image: Figure 6]FIGURE 6 | Reference co-citation map. (A) Reference clustering map; (B) Reference clustering temporal evolution.
3.5 Keywords
Investigating the author keywords of all publications on a topic can reveal the research direction of the field as they generally represent the main content of a paper. To further identify the main research directions of MOFs in biomedical fields, we analyzed the author keywords in each article in the database using VOSviewer. After merging synonyms, Figure 7A depicts a co-occurrence network of author keywords that appear more than ten times. In this diagram, the size of the label represents the occurrence frequency of the keyword, while the line thickness represents the connection strength. A total of 110 keywords were found, and these keywords were organized into 6 different clusters. The largest cluster is red, representing biosensors; the second largest cluster is green, representing photodynamic therapy; the third cluster is blue, representing drug delivery; the fourth cluster is yellow, representing cancer therapy and bioimaging; the fifth cluster is purple, representing nanoparticles; and the sixth cluster is sky blue, representing antibacterial applications. Table 3 summarizes the 20 most frequently occurring author keywords, suggesting that MOFs have gained importance in research regarding biosensing, cancer therapy, photodynamic therapy, drug delivery, and bioimaging. Figure 7B shows the temporal evolution of author keywords that appear more frequently than ten times, from blue to yellow coloration indicating increasingly new keywords. The keyword of osteogenesis, representing tissue engineering studies, appears around 2021, suggesting that the potential prospect of MOFs in tissue engineering applications is gaining increased attention (Li M. et al., 2022). In addition, immunogenic cell death, tumor microenvironment, and other related words also likely represent newly emerging hotspots.
[image: Figure 7]FIGURE 7 | Visualized analysis of keyword co-occurrence. (A) Keywords clustering map; (B) Keywords clustering temporal evolution.
TABLE 3 | Top 20 author keywords.
[image: Table 3]Based on the top ten keywords with the most prominent citation bursts, an analysis of the trend of hotspots was conducted (Figure 8). The burst keywords for 2016 to 2018 were drug carrier (2016–2018), coordination polymer (2017-2018), and singlet oxygen (2017-2018). The burst keywords for 2018 to 2019 were anticancer activity (2018-2019), photodynamic therapy (2018-2019), and gold nanoparticle (2018-2019). The burst keywords for 2019 to 2020 were porous framework (2019-2020) and electrochemical aptasensor (2019-2020). The burst keywords for 2020 to 2022 were chemodynamic therapy (2020–2022) and hydrogen peroxide (2020–2022).
[image: Figure 8]FIGURE 8 | Top 10 keywords with the strongest citation bursts.
4 DISCUSSION
4.1 General information
In total, 3,408 SCI papers published between 2002 and 2022 in the field of biomedical applications involving MOFs were included in this study. China produced the most publications (2,466/72.36%), and the United States came in second (283/8.3%). The institution with the most publications was the China Academy of Sciences. ACS Applied Materials Interfaces was the most published journal. Porous metal-organic-framework nanoscale carriers as a potential platform for drug delivery and imaging (Horcajada et al., 2010) was the most frequently cited reference.
4.2 Research direction
The network visualization of the co-occurrence author keywords was constructed to identify the main research areas in which MOFs are used in biomedical applications (Figure 7A). The research areas were categorized in the following directions: biosensors, cancer therapy and photodynamic therapy, drug delivery, bioimaging, nanoparticles, and antibacterial applications.
In biosensor research, MOFs have been utilized as sensitive element carriers, enzyme mimics, electrochemical signaling, optical signaling, and gas sensing (Du L. et al., 2021). Afzalinia et al. used fluorescence resonance energy transfer and “sandwich” hybridization of oligonucleotides to make a biosensor. The fluorophore was a La(III)-MOF and the quencher was Ag nanoparticles, modified with appropriate aptamer chains for the intended function. This biosensor was optimized for miRNA-155 detection in clinical applications (Afzalinia and Mirzaee, 2020). Hüseyin Kıyıkçı et al. developed a straightforward amperometric biosensor to detect sialic acid, which uses Co/2Fe MOF (an oxidase-mimicking). It was successfully used to detect free silicic acid after the release of attached silicic acid molecules in A549, GD3, and HeLa cell lines (Kıyıkçı et al., 2023).
In cancer therapy including photodynamic therapy, MOF-based nanoplatforms can be utilized to treat cancer effectively using several single and combination therapies, including radiotherapy, chemotherapy, chemodynamic therapy, phototherapy (photothermal therapy and photodynamic therapy), starvation therapy, and immunotherapy (Yang et al., 2023). Among them, in photodynamic therapy, MOFs have the potential to act as carriers for loading photosensitizers or to increase the number of photosensitizers in target cells. They are capable of constructing multifunctional systems which help to refine the tumor microenvironment, therefore enhancing the efficacy of photodynamic therapy when used in combination therapy (Ye et al., 2022). Du et al. developed D-arginine-loaded MOF nanoparticles for improving the radiosensitivity of osteosarcoma (Du C. et al., 2021). Ding et al. created an innovative multifunctional platform based on the core-shell structure of 5-aminolevulinic acid@UiO-66-NH-FAM@zirconium-pemetrexed. It exhibited excellent folate targeting capacity and highly effective anticancer efficacy by combining chemotherapy with photodynamic therapy (Ding et al., 2022). Tian et al. developed a MOF-199 nanoplatform with vitamin k3 for enhanced chemodynamic therapy. It efficiently accumulates in tumor tissues due to the enhanced permeability and retention effect (Tian et al., 2021). Lan et al. created a new titanium MOF for hypoxia-tolerant type I photodynamic therapy. The structure called Ti-TBP is made up of photosensitizing 5,10,15,20-tetra porphyrin ligands coordinated on secondary Ti-oxo chain building units. (Lan et al., 2019). Yu et al. designed and synthesized a new nanomedicine, CHC/GOx@ZIF-8, which is capable of dual-depriving lactate and glucose, to enhance the anti-tumor efficacy of the cancer starvation therapy (Yu J. et al., 2021). Shao et al. designed core–shell upconversion nanoparticle@porphyrinic MOFs for combinational therapy against hypoxic tumors. The nanoplatform for combining NIR light-triggered PDT and hypoxia-activated chemotherapy with immunotherapy to combat the current limitations of tumor treatment (Shao et al., 2020).
In drug delivery, it is possible to alter synthetic methods to produce MOFs in a nanoscale dimension or adjust MOF pore dimensions to enhance loading capacity and control the release of the loaded substance. Furthermore, MOFs can be modified before and after synthesis to improve their drug-loading capacity, structural stability, and cellular targeting (Lawson et al., 2021). Wu et al. created an active targeted medication delivery method to treat hypertrophic scars locally. Improved efficacy on hypertrophic scars was achieved using this drug delivery technology to regulate Wnt/β-catenin and JAK2/STAT pathways and downregulate collagens I and III expression. This system had superior performance compared to those without hypertrophic scar fibroblast (HSF) functionalization or the aid of microneedles (Wu et al., 2021). Pham et al. investigated the loading and release of a model drug, ibuprofen, by two iron-based MOFs in vitro. The results showed that the three-dimensional cage-like structure of MIL-88 had lower toxicity and better control of drug release than MIL-53 (Pham et al., 2020).
In bioimaging, MOFs are influenced by biomolecules that can be endowed with intrinsic fluorescent properties to serve as light sources for optical imaging. MOFs imbued with elements such as Au, Fe3+/Fe2+, Gd3+, Mn2+, fluorescent dyes, upconversion nanoparticles such as NaYF4, quantum dots, graphene, or nanotubes, can be utilized as an imaging tools (Liu et al., 2022). Liang et al. developed a method to integrate the near-infrared dye IR-3C and Ln3+ into MOFs to create strong near-infrared-II emissions. This bioimaging performance can delineate the vessels, spine, and lymph of mice and differentiate vessels with acute vascular inflammation in vivo (Liang et al., 2022). Li et al. fabricated a novel UiO-type MOF with high-order multiphoton excited fluorescence reactivity. The MOF has an extended π-electron system, improved charge transfer, enhanced dipole moment, and weakened π-π stacking interactions. Thus exhibits outstanding high-order multiphoton excited fluorescence performance in NIR-II light-induced fluorescence imaging (Li B. et al., 2022).
In nanoparticles, various nanoparticles can be integrated into MOF-based nanocomposites. These nanocomposites have potential in chemotherapy, photodynamic therapy, biocatalysts, starvation, and thermotherapy (Ge et al., 2022). Feng et al. developed a biodegradable oxygen-producing nanoplatform, Ini@PM-HP, made of poly (ADP-ribose) polymerase inhibitor PCN-224 and poly (dopamine-modified hyaluronic acid). This nanoplatform helped reduce the effects of oxygen deprivation in the tumor microenvironment on therapeutic efficacy (Feng et al., 2022). Zhou et al. produced a self-unpacking capsule that enables pH-triggered delivery of orally administered peptides or proteins by encapsulating amphiphilic hydrogel-coated MOF nanoparticles that prevent gastrointestinal degradation and facilitate penetration of the intestinal mucosa (Zhou et al., 2021).
In antibacterial applications, MOFs have desirable properties such as releasing antibacterial metal ions or organic linkers, accommodating and releasing large amounts of antimicrobial agents, generating reactive oxygen species, controlling/stimulating decomposition, strong interaction with bacterial membranes, and intense interaction with bacterial membranes (Li et al., 2021; Han et al., 2022). Chen et al. designed Zn-BTC, a nanoscale zinc-based MOF that can control the release of Zn2+. This material has an effective bactericidal impact on several drug-resistant bacteria, lowering Methicillin-resistant Staphylococcus aureus by 41.4% and Escherichia coli by 47.2% (Chen et al., 2022). Hu et al. combined ultrasmall gold nanoparticles and ultrathin 2D MOFs (UsAuNPs/MOFs). In addition to the benefits of both UsAuNPs and UsAuNPs/MOFs, they exhibit remarkable peroxidase-like activity toward breaking hydrogen peroxide into dangerous hydroxyl radicals. The UsAuNPs/MOF nanozyme demonstrates effective antibacterial activity against Gram-negative and Gram-positive microorganisms when combined with a low concentration of hydrogen peroxide (Hu W. C. et al., 2020).
4.3 Research frontiers and hotspots
Burst keywords represent emerging trends and research frontiers (Zhu and Zhang, 2021). As shown in Figure 8, we used the burst detection function of CiteSpace to identify burst keywords in these publications and found two current research hotspots in chemodynamic therapy (2020–2022) and hydrogen peroxide (2020–2022). We think these terms represent the future frontiers for biomedical applications of MOFs research.
Chemodynamic therapy is an in-situ treatment that generates hydroxyl radicals at tumor locations by the Fenton or Fenton-like reaction (Zhang et al., 2016; Tang et al., 2019). The Fenton reaction generates hydroxide and hydroxyl radicals via a reaction between Fe2+ and hydrogen peroxide (Gupta et al., 2016). In recent years, with the advancement of nanomedicine, the practical applications of chemodynamic therapy have been further developed due to its advantages, such as tumor specificity, the lack of necessary external stimulation, and fewer side effects (Jana and Zhao, 2022). Studies suggest that some functionalized MOFs can release metal ions within the tumor microenvironment. These metal ions can then act as catalysts for Fenton or Fenton-like reactions that produce hydroxyl radicals which can eradicate cancerous cells (Tan et al., 2022). Given this ability, functionalized MOFs are a promising material for chemodynamic therapy-based cancer therapy.
Deng et al. combined MOF modified by polydopamine and IR820 loaded with piperonasin to create a combination therapeutic nanosystem (MP@PI) combining chemodynamic and photothermal therapies designed to induce iron atrophy/thermal atrophy (Deng et al., 2022). Based on MOFs, Peng et al. created phosphate-responsive nanoparticles. These nanoparticles were loaded with glucose oxidases and doxorubicin, enabling them to display desirable synergistic therapeutic effects through enhanced Fenton reaction, starvation therapy, and combining chemotherapy (Peng et al., 2021).
Hydrogen peroxide is a reactive oxygen species that remains relatively stable in biological tissues and is involved in numerous physiological processes, including disease progression, intracellular signaling, cell physiology, and oxidative damage. Abnormal levels of hydrogen peroxide are associated with various oxidative stress disease states (Lismont et al., 2019), such as cancer (Meitzler et al., 2019), tumors (Yu Y. et al., 2021), asthma (Połomska et al., 2021), chronic obstructive pulmonary disease (Aggarwal et al., 2019), atherosclerosis (Harrison et al., 2003), diabetes (Wei et al., 2009), and neurodegenerative diseases (Cenini et al., 2019). MOF-based biosensors can measure the level of hydrogen peroxide in serum, plasma, supernatant from cell cultures, tissue/cell lysates, and exhaled breath condensates.
Using a coordination-assisted method, Mu et al. synthesized a novel iridium cluster-anchored MOF as a peroxidase-mimetic nanoreactor, called IrNCs@Ti-MOF, for the colorimetric detection of hydrogen peroxide-related biomarkers (Mu et al., 2022). Jiang et al. utilized graphene-like conductive MOF CuHHTP as a precursor to fabricate Cu2O nanoparticle@CuHTP heterojunction nanoarrays, which yielded satisfactory detection performance in measuring hydrogen peroxide concentration in urine and serum samples (Jiang et al., 2022).
4.4 Advantages and challenges in biomedical applications of MOFs
The characteristics of MOFs make them highly advantageous for applications in the biomedical field. MOFs can be synthesized with ease using various methods, including the hydrothermal method (Stock and Biswas, 2012), ultrasound-assisted method (Vaitsis et al., 2019), and mechanochemical method (Głowniak et al., 2021). Due to their large specific surface area and high loading rate, they are able to bind to small molecules and obtain biological activity (Mallakpour et al., 2022). The pore structure of MOFs can be readily adjusted to meet specific requirements by modifying the shape, length, and functional groups of linkers (Lu W. et al., 2014). MOFs can be endowed with specific functions through situ functionalization (Guo et al., 2022), pre-synthetic functionalization (López-Cabrelles et al., 2018), and post-synthetic modification (Younes et al., 2022). The metal ions and organic ligands released by MOFs can give them specific functions (Taheri et al., 2021). Additionally, MOFs can be designed to respond to external stimuli, such as temperature, pH, and light, to achieve controlled release of the drug (Wang et al., 2020).
Despite the many advantages of MOFs, their application in the biomedical field still faces some challenges. Biotoxicity is a challenge for MOFs. Metal ions and organic ligands released during decomposition, as well as organic solvents left in the pores during synthesis, may affect the biocompatibility and toxicity of MOFs. The toxic effects of MOFs still need to be further investigated in more in vivo and in vitro experiments (Kumar et al., 2019; Sajid and Ihsanullah, 2020). The stability of MOFs in vivo is also a challenge. MOFs may be affected by the biological environment, leading to structural changes or decomposition, which in turn affects their application effects (Singh et al., 2021).
5 CONCLUSION
Thus far, there has been a significant lack of bibliometric analysis regarding using MOFs in biomedical applications. Our study filled this void by performing a systematic bibliometric analysis of the literature on this topic by integrating both bibliometric tools and manual review.
The current research hotspots were identified by burst keyword analysis. Chemodynamic therapy and hydrogen peroxide are current research frontiers and hot spots. Functionalized MOFs can release metal ions into the tumor microenvironment and catalyze Fenton or Fenton-like reactions to produce hydroxyl radicals that kill tumor cells, making them promising materials for chemodynamic therapy. MOF-based biosensors measure hydrogen peroxide levels in serum, plasma, supernatants of cell cultures, tissue/cell lysates, and exhaled gas condensates for disease diagnosis. MOFs have a wide range of research prospects for biomedical applications.
The limitation of this study is that we could only analyze published articles, resulting in findings with a certain lag. For unpublished articles, ongoing research, articles not included in the Web of Science Core Collection, and non-English articles were not included in our study.
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