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Introduction

The rapid global population growth and limitations of traditional agricultural practices have resulted in inadequate nutrient supply. Nano-agricultural technology presents significant potential for enhancing crop growth and resistance, reducing stresses, and providing economic benefits with lower environmental risks.





Methods

In this study, a bibliometric analysis of nano-agricultural applications was conducted using the Web of Science Core Collection, and 2,626 publications from 2000 to 2023 were identified, with an exponential increase in both publications and citations.





Results and discussion

European and Asian countries and institutions are more actively involved, although USA produces the highest-quality papers. Additionally, this field has evolved through two stages: the first stage (2000-2016) focused on the toxicology of nanomaterials (NMs), while the second stage (2017-present) emphasizes NMs as nanofertilizers to promote crop growth, and as nanoregulators or nanopesticides to enhance crop resistance against biotic stress and abiotic stress. Finally, future research perspectives were also proposed, including the optimalizations of NMs, the investigations of the behavior and bioavailability of NMs driven by rhizosphere and phyllosphere process, interdisciplinary collaboration across various fields, the application of NMs from laboratory to the field, and the long-term environmental behaviors and assessments of NMs in diverse ecosystems. Overall, this bibliometric study provides a valuable reference for understanding the development of this field and pinpointing research frontiers.
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1 Introduction

The global population has surpassed 8 billion in 2022, and related forecasts indicate that the global population will surpass 9.7 billion by 2050 according to the report of United Nations (Jain et al., 2023). Hence, it was forecasted that the global demand for crop production in 2050 will increase by 50-80% (Lowry et al., 2019). Under current agricultural technology conditions (such as improved seeds, fertilizers, and agrochemicals), the global grain production in 2050 will reach 3.1 billion tons, but the above-mentioned grain production still falls short of providing sufficient nutrition for the global population (Alexandratos and Bruinsma, 2012). Additionally, the efficiency of traditional agricultural technologies has gradually declined, and the global grain production growth trend has slowed down since 2000 (Hu et al., 2022; Lowry et al., 2019). Furthermore, the reduced arable land area, water scarcity, climate change, decreased crop stress resistance, and exacerbated environmental degradation will all pose serious threats to global food security (Adisa et al., 2019; Lowry et al., 2019; Zhao et al., 2022). Therefore, the development of alternative traditional agricultural technologies with high utilization, low risk, and sustainable use has become a current research focus and challenge in the international community.

In recent years, with the rapid development of nanotechnology, engineering nanomaterials (NMs) with small size, large surface area, high chemical activity, and high biological effectiveness have provided possibilities for the development of safe, efficient, and sustainable agricultural technologies (Buriak et al., 2022; Lowry et al., 2019). Wang et al. (2020b) reported that the growth-promoting efficiency of nano-fertilizers is 20-30% higher than traditional fertilizers. Wang and White (2022) found that NMs had 43% lower toxicity to non-target pathogens while ensuring their disease control effects compared to the traditional pesticides. Furthermore, various NMs with loading bio-probes (including DNA, antibodies, and nucleic acid aptamers) have also been found to enable rapid and convenient diagnosis of crop diseases compared to traditional plant disease detection methods, ultimately contributing to the prevention and control of crop diseases (Farooq et al., 2021). All above results indicate that NMs have shown promising effects in promoting crop growth and controlling crop diseases. Recently, an increasing number of NMs have been applied in agricultural management and production. For example, Kah et al. (2019) demonstrated that the number of patents granted regarding NMs agricultural application grew exponentially between 1990 and 2016, and yield 3,279 patents filed and 1,254 granted since 1990; Mishra et al. (2017) also found that the investment of nanotechnology in global agriculture reached 75.8 billion dollars by 2020, resulting in a global economic growth of 3.4 trillion US dollars. Therefore, the enormous application potential and research value of NMs in agriculture have become hot and challenging research topics in the international agricultural and environmental fields.

Currently, a large amount of research on nano-agricultural application has been conducted. Meanwhile, Wang, Zhao, Elmer, and others researchers have conducted comprehensive reviews on the promotion of crop growth and enhancement of crop stress resistance by NMs, which played an enlightening and promoting role in this field (Elmer and White, 2018; Wang et al., 2020b; Zhao et al., 2022, Zhao et al., 2020). However, there are few reports on the analysis of the number of past published papers, journals, affiliated disciplines, authors, authors’ countries and institutions, main research content, and development directions in this field. Unlike traditional reviews, bibliometrics is an interdisciplinary field that uses statistical and mathematical methods to quantitatively analyze information carriers, which helps in identifying and visualizing research trends over time (Liu et al., 2023). Bibliometrics can capture thematic networks by mapping the relationships between various research topics, showing how they interconnect and evolve. Furthermore, it can also reveal collaboration patterns by analyzing co-authorship and institutional affiliations, providing insights into the dynamics of research collaboration across different entities. In summary, the bibliometric approach offers a more comprehensive and objective perspective on the research landscape, making it a valuable tool for understanding the development of a field by leveraging large datasets and statistical techniques (Liu et al., 2023; Xie et al., 2020). In recent years, with the development of computer science and information technology, bibliometric visualization analysis software such as CiteSpace and VOSviewer has been widely used in research in various disciplines, including in environmental science, agronomy, medicine, economics, and others (Cao and Wang, 2022; Chen, 2005; van Eck and Waltman, 2009; Wang et al., 2020a).

This study provided a full bibliometric analysis on nano-agricultural application. To achieve this, Web of Science (WOS) was selected as the literature retrieval platform and 2626 publications on NMs agricultural application from 2000 to 2023 were collected and subjected to bibliometric analysis using WOS Data Analysis System, CiteSpace, VOSviewer, and other literature analysis software. The aims are to 1) clarify the development process of nanotechnology application in agriculture and the contributions of various subjects, journals, and authors; 2) uncover the knowledge frame and thematic networks of researches on NMs agricultural application over the past 20 years; 3) illustrate the current research status and future development trends in this field. The findings of this paper will provide guidelines for the future directions of nano-agricultural application.




2 Materials and methods



2.1 Data collection

In this paper, WOS was chosen as the literature search platform and “WOS Core Collection (SSCI and SCI-EXPANDED)” was used as the literature search database. The search terms were “TS=nano*” and “agriculture application”, the language was English, the document types were “Article” or “Review”, and the publication date ranged from “2000-01-01” to “2023-10-13”. A total of 2,633 articles were retrieved, and 6 retracted publications were removed. A total of 2,627 papers were obtained by selecting original research papers plus reviews, and exported from the database. After checking by HistCite Pro 2.1, one duplicate paper was removed, and a total of 2,626 literature records were eventually obtained.




2.2 Bibliometric analysis

The number of publications and citations were obtained from the “analyze search results” function of WOS, as well as publication proportions and publication output of top 10 disciplines according to previous study (Pranckutė, 2021).

As an exceptional visualization software for bibliometric analysis, VOSviewer enables the creation of collaborative network diagrams that illustrate the relationships among authors, institutions, and countries, as well as co-occurrence network diagrams featuring keywords (van Eck and Waltman, 2009). Thus, the collaborative network diagrams of authors, institutions, and countries were displayed by VOSviewer (v. 1.6.19) in this paper. Subsequently, co-occurrence network diagrams of keywords were also performed by VOSviewer and the minimum number of occurrences of keywords were set as 36. Note that some non-technical words (e.g., “acid”, “oxide”, and “I;”) were ignored because of their meaninglessness according to previous method (Yu et al., 2024). Moreover, the size of the circles represents the number of papers, and total link strength (TLS) quantifies the connections between a node and all others, including repetitions, which emphasizes frequently co-occurring or closely related nodes in visualizations. For example, if a keyword often co-occurs with several others, its TLS will be higher, resulting in a thicker line in the chart.

The intermediary centrality of top 10 categories, burst detection of key words, and co-citation of publications were analyzed by CiteSpace (v. 6.2.4) (Wang et al., 2022). The number of publications from 2000 to 2009 was 40 and there was no burst detection of key words. Hence, the range of burst detection of key words and co-citation of publication were both performed from 2010 to 2023. As the basic indicators of bibliometrics, total local citation score (TLCS) is represented as the number of citations of a journal in local databases (databases composed of exported literature), and total global citation score (TGCS) is defined as the number of citations of a journal in global databases, which provides an overall indication of the impact and influence of the journal within the academic and research community (Li et al., 2022). Thus, TLCS and TGCS were conducted by HistCite Pro 2.1 as described by Shah et al. (2020).





3 Results



3.1 Evolution and distribution of publications related to NMs on agriculture application

First, a total of 2626 papers were published from 2000 to 2023 based on WOS (Figure 1A). The first paper published at 2000 and there were only 40 papers and 448 citations appeared at the first decade (2000-2009). After the first ten years development, the number of publications and citations has shown a rapid growth trend (Figure 1A), indicating that the agricultural application of NMs has been a hotpot and attracted much attention by scientists. The top five countries in terms of the number of publications were China (727), India (598), The United States of America (USA) (373), Pakistan (156), and Egypt (140). However, when it comes to total citations, the top five countries are currently USA, India, China, Pakistan, and Egypt (Figure 1B). To be specific, Chinese researchers have published the highest number of papers (727) and the number of citations of these papers was 18,479, leading to an average citation per publication of 25.42. Meanwhile, researchers from the United States have published a total of 373 papers with a total citation of 21,628, and the average citation per publication were 57.99. More specifically, the trend of the total citations among top five countries followed the order of USA (21,628) > India (20,389) > China (18,479) > Pakistan (3,727) > Egypt (3,684) (Figure 1B). Hence, both of the total citation and the average citation per article ranked first for USA. Although China ranked first in terms of the number of publications, it ranks third in total citations and fourth in average citation, indicating there were still a certain gap compared to other countries.




Figure 1 | The trend of the number of publications and citations (A) and the change of the citation frequency in the main issuing countries (B) regarding nanomaterials (NMs) on agriculture application from 2000 to 2023 (Source of articles data: Web of Science).



The publication proportions of the top ten disciplines were analyzed according to WOS data analysis system and shown in the Figure 2A. The results showed that top five disciplines related to the application of NMs in agriculture are Environmental science (16.2%), Chemistry multidisciplinary (15.7%), Materials science multidisciplinary (14.8%), Nanoscience nanotechnology (13.7%), and Plant sciences (7.8%) (Figure 2A). Similarly, the number of publications in the top five disciplines also exhibited a continuous growth trend (Figure 2B), consistent with the overall number of publications mentioned in the previous section. The intermediary centrality in disciplines can be used to characterize the interdisciplinary nature of that discipline with other disciplines (Goldman, 2014). The intermediary centrality in top ten disciplines were analyzed by CiteSpace software and the results showed that the discipline with the highest intermediary centrality was Biochemistry molecular biology (0.21), while the lowest were Plant sciences (0.04) and Physics applied (0.04) (Table 1). Notably, the intermediary centrality of the top 4 disciplines all exhibited a good intermediary centrality, and ranged from 0.13 to 0.19. Although the fifth discipline (Plant science) has certain advantages in revealing the mechanism of nanoparticles and plants, it had a lower intermediary centrality of 0.04. Hence, more integrations with other disciplines should be expanded and strengthen for Plant sciences in the future research.




Figure 2 | Publication proportions (A) of the top ten disciplines and publication output (B) of the top five disciplines during 2000-2023 in the field of NMs agricultural application.




Table 1 | Top 10 disciplines based on the number of published papers and intermediary centrality regarding nanomaterials (NMs) on agriculture application from 2000 to 2023.



HistCite Pro 2.1 was used to analysis the main journals of all publications and the results showed that top three journals in this field were “Nanomaterials” (58 articles), “Science of The Total Environment” (52 articles), and “Journal of Agricultural and Food Chemistry” (41 articles) (Table 2). Among them, the third-rank journal “Journal of Agricultural and Food Chemistry” not only had the highest TLCS (320), but also had the highest citation frequency per paper (59.12). In addition, journals in the top discipline (Environmental science) also exhibited a good growth trend (Table 2). For example, the classical journal “Science of The Total Environment” in the discipline of Environmental science not only had the highest TGCS (2,793), but also possessed the highest impact factor (IF) among the top 10 journals in terms of publications (IF2018-2023 9.6); another classic journal “Environmental Science: Nano” has published 35 papers, and ranked third in IF (IF2018-2023 7.9) and TLCS (189).


Table 2 | Top 10 journals in terms of the number of published papers in the field of NMs agricultural application from 2000 to 2023.






3.2 Collaborative network diagrams of contributing countries, institutions, and authors

The collaborative relationships between countries were analyzed by VOSviewer software. A total of 105 countries or regions contributed and 52 countries are displayed on Figure 3A based on the minimum number of publications of a country at 5. Among the top 52 countries, the trend of different continents in the top 52 countries followed the order of Europe (21 countries) > Asia (20 countries) > Americas (6 countries) > Africa (3 countries)> Oceania (2 countries). TLS can be used to represent the strength of collaboration between different countries, and collaboration between countries is beneficial to achieve technological innovation and improve research level (Mao et al., 2020). The trend of TLS among top five countries followed the order of China (497) > India (485) > USA (397) > Saudi Arabia (248) > Pakistan (235). To be specific, TLS between China and USA was 105, followed by China and Pakistan (43), and China and India (61). Given above findings, China exhibited the best performance in collaborating with the main publishing countries.




Figure 3 | Cooperation among main paper contributor countries (A), institutions (B), and authors (C) regarding NMs on agriculture application from 2000 to 2023.



With respect to the research institutes, 3,235 organizations were identified according to VOSviewer and 48 organizations are presented in Figure 3B based on the minimum number of publications of an organization at 13. Chinese Academy of Science is the leading institution with 89 publications, followed by Zhejiang University (53), China Agricultural University (49), King Saud University (44), Connecticut Agricultural Experiment Station (39), and University of Massachusetts (38) (Figure 3B). And the trend of top 5 research institutions in terms of TLS values followed the order of Chinese Academy of Sciences (56) > China Agricultural University (49) > University of Massachusetts (46) > Connecticut Agricultural Experiment Station (44) > Zhejiang University (44) (Figure 3B). In addition, Jiangnan University and Chinese Academy of Agricultural Sciences from China also ranked 8th and 9th respectively, with TLS values at 27. Given above findings, organizations from China and USA both exhibited certain advantage in this field. Notably, it is also worth noting the average citation frequency of other Chinese research institutions among the top 9 research institutions in terms of TLS values, except for the Chinese Academy of Sciences, were all lower (17.65-28.47) than that of related research institutions in the United States, Saudi Arabia, and Pakistan (35.52-63.41).

From the perspective of author, a total of 12,651 authors contributed and top 63 authors are showed in Figure 3C with more than 6 publications. The top three authors are White Jason C from Connecticut Agricultural Experiment Station, Xing Baoshan from University of Massachusetts, and Wang Zhenyu from Jiangnan University (Figure 3C). And all above researchers have published more than 20 papers. Meanwhile, Wang Zhenyu exhibited the greatest value in TLS, followed by Xing Baoshan (90), Yue le (84), and Cao Xuesong (78). In addition, White Jason C not only exhibited good performance in TLS (68), but also presented the highest value in term of the total citations (1,937) and the citation frequency (60.53) (Figure 3C). Moreover, although Gardea-torresdey jorge (The University of Texas) has only published 10 papers, he has received 1,196 citations, as well as Zhao Lijuan (Nanjing University) (13 papers, 1,187 citations) and Rui Yukui (China Agricultural University) (16 papers, 567 citations).




3.3 Research progress of NMs on agriculture application

The keywords are the precise expression of the publication’s topic, and the frequency of keyword occurrence is closely related to the attention of the research topic (Zhu et al., 2021). Therefore, the co-occurrence network of keywords was conducted by VOSviewer. A total of 12,131 keywords are involved in this topic and top 107 keywords are displayed in Figure 4 based on the minimum number of occurrences of a keyword at 36. In Figure 4, the node size represents the number of co-occurrences, and the colors reflect different clusters classified according to co-occurrence analysis. The top 10 keywords with the highest frequency of occurrence are “Nanoparticles”, “Silver Nanoparticles”, “Nanotechnology”, “Growth”, “Agriculture”, “Toxicity”, “Nanomaterials”, “Green synthesis”, “Gold nanoparticles”, and “Plants”. Meanwhile, the trend of the TLS in the top 10 keywords also followed the same order (Figure 4). Moreover, the frequency of occurrence of “ZnO nanoparticles”, “Antibacterial activity”, “Oxidative stress”, and “Carbon nanotubes” are greater than 100, and their TLS values are also at a high level (> 490). As for research topic analysis, all keywords were classified into 4 different clusters by the VOSviewer software (Figure 4). Cluster 1 (red color) is mainly involved in the physical and chemical behavior of non-metallic NMs and the applications of NMs, including using as the delivery materials and sensors. Keywords such as chitosan, carbon nanotubes, graphene, adsorption, release, sustained release, delivery, and sensors are recognized in this section. Cluster 2 (yellow color) mainly focuses on the green synthesis of NMs and their application in bacteria inhibition, and the major keywords are green synthesis, biosynthesis, antibacterial activity, and cytotoxicity. Cluster 3 (blue color) mainly includes various typical metallic NMs, such as silver nanoparticles, zinc oxide nanoparticles, titanium dioxide nanoparticles, and cerium oxide nanoparticles. Cluster 4 (green color) mainly investigates the response mechanism between different NMs and plants. In this cluster, the first section focuses on the toxic mechanism of NMs on plants, and the keywords includes toxicity and oxidative stress; the other section mainly includes the application of NMs as new fertilizers to promote plant growth and as regulators to enhance crop resistance against stress, and the keywords contains foliar application, tolerance, photosynthesis, fertilizer, and yield.




Figure 4 | Keyword co-occurrence network during 2000-2023 in the field of NMs agricultural application.



The burst detection of keywords was performed to illustrate the evolution of a certain research field in a period of time by CiteSpace according to Lin et al. (2020) and shown in Figure 5. Due to the small number of published papers in the first 10 years, the burst detection of keywords from 2000 to 2009 was ignored. The results showed that “Cytotoxicity” “Kinetics” and “Rapid detection” exhibited high strength in the early period from 2010 to 2023. Subsequently, the keywords of “Cellulose nanocrystals” “Metal oxide nanoparticles” and “Carbon nanotubes” were highly studied. Of particular note is that the top three keywords with strongest citation bursts were “Foliar application” “Green synthesis” and “Plant growth”, which became research hotspots starting in 2021 and have continued until now. Furthermore, other keywords related to plant growth, such as “Sustainable agriculture” “Abiotic stress” and “Triticum aestivum 1 (wheat)”, as well as the keywords related to green synthesis like “Leaf extract”, all started to become research frontiers and maintained research interest till now. Hence, the changes of keywords indicates that the research process of NMs on agriculture application has evolved from the toxicology study of NMs on bacteria and plant to the positive regulation of NMs on crop growth and the enhancement of crop tolerance against stress. Additionally, Wang et al. (2020b) found many NMs (such as CeO2, Cu, CuO, Fe3O4 and ZnO NMs) exhibited a trend of “low-promoting-high-inhibiting” on the interaction between NMs and plants; Cao and Wang (2022) also reviewed that low concentration NMs not only showed great potential in promoting crop growth, but also exhibited great performance in activating crop resistance against stress, which are consistent with our above findings.




Figure 5 | Burst detection of top 20 keywords from the published papers in the field of NMs agricultural application from 2010 to 2023.






3.4 The most co-cited publications

Co-citation analysis is a method used in bibliometrics to examine the relationship between two publications that are both cited in the reference list of a third citing publication (Donthu et al., 2021). This analysis is commonly employed to uncover the quantitative characteristics and intrinsic laws of scientific development (Zhu et al., 2021). Hence, the co-citation analysis of NMs on agriculture application was performed in CiteSpace and displayed in Figure 6. Firstly, the publications from 2000 to 2009 were also ignored and a total of 28 clusters were identified from 2010 to 2023. And top six clusters (251 nodes, Q = 0.5231) were chosen and shown in Figure 6A. The top six clusters are metallic nanoparticles (0) (49 publications), foliar application (1) (43 publications), nanofertilizers (2) (39 publications), silicon (3) (35 publications), disease management (4) (33 publications), and plant nutrition (5) (27 publications). Interestingly, it can be observed that four clusters (Cluster 1, 2, 3, and 5) have emerged as research hotspots in recent years based on the color distribution. Notably, the dates of top ten co-cited publications all begin from 2017. Hence, the co-citation analysis from 2017 to 2023 was deeply analysised.




Figure 6 | Graphs of co-citation of publication on NMs agricultural application from 2010-2023 (A) and 2017-2023 (B). Time series charts of co-citation of publication on NMs agricultural application from 2017-2023 (C).



The total number of identified clusters are 19 from 2017 to 2023 and the top seven clusters (184 nodes, Q =0.4288) are below: abiotic stress (0) (34 publications), drought (1) (34 publications), systemic acquired resistance (2) (32 publications), nanofertilizers (3) (31 publications), engineered nanomaterials (4) (19 publications), controlled release (5) (16 publications), and silver nanoparticles (6) (6 publications) (Figure 6B). As known, drought is one kind of abiotic stress. Hence, cluster 0 and cluster 1 were organized into the same cluster (abiotic stress) in this paper. Thus, abiotic stress, systemic acquired resistance, and nanofertilizers are the top hotpots of NMs on agriculture application. Specifically, the main research areas of top three clusters are also listed: (1) the application of NMs (such as silicon nanoparticles) to increase plant water use efficiency against abiotic stress; (2) foliar application of NMs (such as carbon dots) promote plant systemic acquired resistance and antioxidative system; (3) the application of NMs as nanofertilizers to increase plant nutrient use efficiency.

The top ten co-cited publications are listed at Figures 6B-C and Table 3 and the results showed that cluster 1 has one publication, cluster 2 has two publications, cluster 3 has six publications, and cluster 5 has one publication. Notably, the top two co-cited publications are both involved in cluster 2 (systemic acquired resistance). To be specific, the top one is from Lowry et al. (2019) and published in nature nanotechnology, which receives 99 citations per year (doi: 10.1038/s41565-019-0461-7). It systematically illustrated the great potential of NMs on agriculture application, including improving the use efficiency of water, light, and agrochemicals, strengthening soli integrity and function through microbiome enhancements, and augmenting crop resistance against environmental stressors. Finally, it also discussed the challenges to overcome to realize the full potential of NMs agricultural application, such as the interaction and mechanisms of NMs-plant, the methods to improve the efficiency of NMs into plants. The other impactful publication is published by Kah et al. (2019) with the average citation of 90 (doi: 10.1038/s41565-019-0439-5). This paper not only reviewed the great potential of nano-enabled strategies to improve crop nutrition and protection, but also emphasized the importance of the field experiments to expand the use of NMs on agriculture application. The third co-cited publication is identified in cluster 5 (controlled release), published by Kah et al. (2018), and received over 400 citations since 2018. It reviewed the benefits of NMs as nanofertilizers to improve crop growth and nanopesticides to enhance crop resistance compared to their conventional analogues. Although the publications in cluster 3 had not been the top three in the co-cited publications, it had the highest number of the publications, indicating the application of NMs as nanofertilizers have been attracted a lot of attentions by global scientists. Overall, it is concluded that the main areas of interest in this field currently focus on the use of NMs as nanofertilizers to enhance crop growth and as regulators to improve crop resistance, consistent with our above results.


Table 3 | Details of the top 10 co-cited papers in the local database on NMs agricultural application from 2010-2023.







4 Discussion and future research perspectives



4.1 Cooperations promote the development of nano-agricultural application

This paper has not only facilitated the enhancements of understanding on subjects, trends, and channels of nano-agricultural technology, but also garnered an overview and implications of the global research in this field. Web of Science Core Collection (SCIE and SSCI) was selected as the data source, as it is frequently accessed in this type of research due to its multidisciplinary character, and it could also supply comprehensive data and necessary indicators for determining the citations and impacts of academic works (Aleixandre-Tudó et al., 2020). Thus, the terms (nano and agriculture application) were utilized to understand the development of nano-agricultural application thoroughly based on WOS.

The first bibliometric analysis of nanotechnology applications was published in 1997 (Aleixandre-Tudó et al., 2020; Braun et al., 1997). It not only stated the advantages of nano-structured materials over bulk materials, but also stressed the that nanotechnology was an emerging area of research. Although there was no content of nano-agricultural technology in the first bibliometric study, the similar rapid development occurred in nano-agricultural application. According to the number of publications and citations, the development trend of NMs agricultural application could be divided into two stages, the first stage is the preliminary exploration stage and ranged from 2000 to 2009; the second stage (from 2010 till now) is the rapid growth stage, and 98.17% papers has been published in this stage (Figure 1A). Worth of note is that the development trend of different countries and discipline all followed the similar trend (Figures 1B, 2), indicating the topic of NMs agricultural application is gaining more attention and more resources are being invested in this field.

Although global scientists are aware of the importance of nano-enabled strategy, the levels of development are still uneven between different regions and different countries. European countries rank first in the top number of countries participating in this project (21 countries, 40.38%), followed by Asia (20 countries, 38.46%), America (6, 11.54%), Africa (3, 5.77%), and Oceania (2, 3.85%) (Figure 3A). On the other hand, Asian countries not only account for four of the five in the top number of publications (Figure 1B), but also account for four of the five highest TLS countries (Figure 3A), indicating Asian countries exhibited good performance in publishing papers, as well as collaborating with other publishing countries. The similar trend occurred in the top 10 research institutions that Asian institutions account for 70 percent of the top ten research institutions (Figure 3B). A recent study reported that Asia continues have the highest number of people suffering from hunger, with 402 million individuals representing 55 percent of the global undernourished population in 2022 (FAO et al, 2023). This may clarify why Asian countries have played a key role in publishing and participating in international cooperation efforts in this field. Moreover, more than 38 percent (282 million) of undernourished people live in Africa (FAO et al, 2023), but Africa only has three countries (South Africa, Nigeria, and Ethiopia) was lined in the top 52 countries in the number of publications, which may be due to their relatively low economic level. To be specific, the two most populous countries in the world from Asian (China, 727 publications, and India, 598 publications) are very enthusiastic about the research of nano-agricultural technology, and this phenomenon should also be driven by the need to ensure the food security of their countries. Similarly, as the world’s largest grain export country, USA also recognized the importance of nano-agricultural application at the beginning of this field and has achieved a better leading role in this field. USA not only has two of the top three most influential authors, but also accounts for 40% of the top ten co-cited papers (Figures 3C, 6C and Table 3). In addition, national academies of sciences, engineering and medicine in USA also jointly released a research report on “ Science breakthroughs to advance food and agricultural research by 2030”, pointing out that nanotechnology is one of the important ways to break through the current bottlenecks in agricultural technology and make plants better able to cope with environmental challenges (including heat, cold, drought, floods, pests and nutritional needs), which also greatly promote the development of nano-agricultural applications (National Academies of Sciences, Engineering, and Medicine, 2018).

The outstanding contributors to this field based on the number of publications are White Jason C, Xing Baoshan, and Wang Zhenyu (Figure 3C). Among them, White Jason C is the most influential because of the highest total citations and the highest citation frequency. Although they all make great contributions to the development of this area, they have different focuses. White Jason C firstly published several fundamental reviews, including two of the top 10 co-cited papers (Nano-enabled strategies to enhance crop nutrition and protection and Recent advances in nano-enabled fertilizers and pesticides: A critical review of mechanisms of action), which played foundational roles in the development of this area. White Jason C also systematically studied the effects and mechanisms of copper-based NMs on crop disease inhibition. White Jason C and his colleagues firstly explored the effect of foliar application of six NMs (B, CuO, MnO, SiO2, TiO2, and ZnO NMs) against fusarium wilt, the results indicated that CuO NMs exhibited the best performance in alleviating the damage of watermelon disease in greenhouse experiments and field pot experiments (Elmer et al., 2018). Subsequently, White Jason C and his colleagues stressed the importance of particle morphology, composition and dissolution behavior for copper-based NMs on crop disease. For example, they found that foliar application of Cu3(PO4)2·3H2O NMs at a concentration of 10 mg/L was significantly more effective in suppressing crop wilt compared to CuO NMs at a concentration of 1000 mg/L. This superior effectiveness can be attributed to the unique nanosheets morphology, the presence of phosphorus, and the higher dissolution rate of Cu3(PO4)2·3H2O NMs (Borgatta et al., 2018). White Jason C and his colleagues also clarified the related mechanisms of Cu-based NMs against crop disease, such as Cu-based NMs could increase the level of antioxidants and upregulate the relative expression of disease-related genes, thus finally results in the enhancements of system acquired resistance against crop disease (Borgatta et al., 2018; Elmer et al., 2018; Ma et al., 2020). Although Wang Zhenyu had no paper in the top 10 co-cited papers, he had been participated in 23 publications and ranked the top one in TLS (94) (Figure 3C and Table 3). Professor Wang Zhenyu not only majored in the research and development of nano-fertilizers and nano-pesticides, but also paid much attention to the rhizosphere processes of NMs. Wang emphasized that rhizosphere processes, such as root secretions, microbial and earthworm activities, could enhance the bioavailability of NMs and increase the uptake of NMs by plant, thus finally maximizing the potentials of NMs applications for boosting food crop production and global food security (Wang et al., 2020b). As shown in Figure 3C, professor Xing Baoshan is in the middle of the two above researchers, mainly because he participated in most of their work. For example, professor Xing not only discussed the importance of rhizosphere processes for NM with professor Wang, but also anticipated in exploring the mechanism of copper-based against crop disease with professor White Jason C (Ma et al., 2020; Shang et al., 2020; Wang et al., 2020b). Therefore, effective scientific collaboration plays a crucial role in the advancement and development of global science.




4.2 The comprehensive understanding of the toxicology of NMs promotes the application of NMs in agriculture

The analysis of the keywords indicated that the development of NMs in agriculture application was divided into four different clusters (Figure 4). However, the development of the timeline in this field is absent in Figure 4, and the analysis of the burst detection of keywords was subsequently performed, which filled the above-mentioned shortcomings. By analyzing the two images together, it can be observed that the nano-agricultural application has gone through two development stages (Figures 4, 5). The first stage is the toxicological study of NMs on the health of different species, including human, mammal, plant, microorganisms, and cells. In 2626 screened publications, Scott (2005) firstly highlighted the transformative potential of nanotechnology in agriculture and food systems, including disease treatment delivery systems, new materials for pathogen detection, new tools for molecular and cellular biology, protection of the environment, and the security of agricultural and food systems (Scott, 2005). However, he also cautioned that there were potential unforeseen risks that may accompany with these significant benefits. Therefore, a careful, comprehensive, and balanced evaluation of the risks of nanotechnologies were urgently needed at the initial stage of nano-agricultural application. Subsequently, Singh and Nalwa (2007) immediately stated the toxicity and risk assessments of nanostructured materials on human health; Ray et al. (2009) also critically discussed the fate, behavior, and toxicity of various classes of NMs in the environment. These important reviews mentioned above are part of the 48 screened publications from 2000 to 2009 included in this paper, and they had played an important role in promoting the subsequent development of the toxicology of NMs. As shown in Figure 4 and Figure 5, keywords involved in the toxicology of NMs, such as “Cytotoxicity” (ranged from 2012 to 2017), “Kinetics” (ranged from 2014 to 2018) and “Rapid detection” (ranged from 2014 to 2019), were highly studied during the early period from 2010 to 2023. This reinforces the importance of toxicological research of NMs as the first stage in the application of nano-agricultural.

After a substantial amount of toxicological research on NMs, there is growing interest in how to utilize NMs for the development of sustainable agriculture. The keywords related to the application of NMs in sustainable agriculture, such as “Foliar application”, “Green synthesis”, “Plant growth”, “Sustainable agriculture”, “Abiotic stress”, and “Triticum aestivum 1 (wheat)”, have all become research frontiers since 2021 and continue to be relevant today (Figures 4, 5). Moreover, the top 10 co-cited articles shared a common theme of the sustainable application of NMs, and most of them have also been published within the last five years (Figure 6 and Table 3). Therefore, above findings revealed that the second stage is the utilization of NMs in sustainable agriculture application. Zhao et al. (2020) demonstrated that some NMs with unique physiochemical properties inherently enhance plant growth and stress tolerance, than merely acting as nano-carriers. The main methods for NMs entering crop included seed dressing, root soaking, soil application, and foliar application (Luo et al., 2023; Ma et al., 2021; Cao et al., 2021). The application of various NMs, such as carbon NMs, selenium NMs, silicon NMs, iron NMs, and zinc NMs have shown great potential in promoting crop growth as nanofertilizers (Cao et al., 2022; Cheng et al., 2023; Singh et al., 2013; Wang et al., 2021; Yue et al., 2023). In addition, the application of various NMs, such as copper NMs, manganese NMs, carbon NMs, selenium NMs, silicon NMs, and iron NMs have also shown great potential in enhancing crop resistance against different stress as nanoregulators or nanopesticides (Cai et al., 2020; El-Shetehy et al., 2020; Lu et al., 2020; Luo et al., 2021; Ma et al., 2020; Zhou et al., 2021). Hence, there is a growing diversity of family members composed of various types of NMs in this field of sustainable agriculture. Furthermore, present literatures also revealed the relevant mechanisms of NMs on crops at some extent. For example, nanofertilizers enhanced crop growth by slowly supplying nutrient and increasing nutrient use efficiency; nanopesticides alleviated biotic stress by direct antimicrobial and insecticidal property, activation of host resistance for pathogens and pests, and alteration of host metabolism; nanoregulators could trigger the secretion of reactive oxygen species in plants in advance to stimulate crop defense systems (including antioxidant enzymes, such as superoxide dismutase, catalase, peroxidase, ascorbate peroxidase, glutathione S-transferase, and antioxidant metabolites, such as ascorbic acid, glutathione, oxidized glutathione), ultimately enhancing the resistance of crops (Zulfiqar et al., 2019; Wang et al., 2020a; Cao et al., 2022; Zhao et al., 2022; Cao et al., 2024).

Worth of note, keywords like “Rapid detection” related to the use of NMs as nanosensors have been a prominent research area from 2014 to present (Figure 5). While nanosensors have been applied in human medicine for the past decade, reports on the use of nanosensors in agriculture are relatively rare (Zhang et al., 2024). Nanosensors can not only contribute to promoting sustainable food production by enabling the early detection of pathogens, fertilizers, herbicides, pesticides, moisture, diseases in crops and animals, the presence of heavy metal ions, and toxins, but also assist in measuring diverse parameters such as soil pH, chlorophyll content, photosynthetic content, protein content, and the total nutrient uptake (both macronutrients and micronutrients) by plants (Bharti et al., 2024). In addition, smart agriculture practices, which involve the utilization of advanced technologies including artificial intelligence (AI), the internet of things, machine learning, and cloud computing, possess the potential to bring about a revolutionary change in agricultural nanosensors by offering more efficient quality assessment. For instance, AI-driven nanosensors with the assistance of Global Positioning System could precisely guide agricultural irrigation by measuring the total soil moisture content (Bharti et al., 2024). With the implementation of these advanced nanosensors, farmers can boost crop yields, optimize fertilization techniques, and conserve resources through the detection and measurement of specific nutrients.




4.3 Future research perspectives of nano-agricultural application

Numerous studies indicate that nano-agricultural technology not only exhibits better performance in promoting crop growth and enhancing crop resistance than that conventional analogues do, but also offers greater sustainability, and has fewer detrimental effects on the environment and human health (Cao and Wang, 2022; Wang and White, 2022). Nonetheless, there is significant potential for further enhancement. For example, Cao et al. (2021) reported that the disease control efficacy of 1 mg/plant of green sulfur NMs increased infected tomato biomass by 143% than that of a commercial fungicide (Hymexazol); Anwaar et al. (2024) discovered that green synthesis of Fe2O3 NMs could not only increase potato growth, but also exhibited a concentration-dependent inhibitory in the severity and incidence of potato early blight disease; Luo et al. (2023) demonstrated that polyvinylpyrrolidone coated La2O3 NMs increased the bioavailability of NMs, thus notably decreasing cucumber wilt by 67.62% as relative to the infected control; Wang et al. (2023) subsequently demonstrated the fresh tomato biomass in the treatment of hybrid LaPO4 NMs was increased by 60% than that of La2O3 NMs; Wang et al. (2021) indicated that nitrogen-doped carbon dots (CDs) increased the light conversion and electron supply of undoped CDs, finally increasing crop photoelectron transfer rate, and improving the corn yield by 24.50%. Hence, the optimalization of NMs, including utilizing green or green synthetic NMs, bioavailability enhancements, and synthesis of hybrid NMs shows significant potential in advancing nano-agricultural applications and warrants further investigations (Figure 7).




Figure 7 | The development and perspectives of nano-agricultural application.



Soil application and foliar application are two main application methods for NMs into crop. Rhizosphere is where plant roots, soil, and soil biota interact, and the rhizosphere processes could alter the bioavailability of nutrients and NMs, ultimately enhancing crop production (Wang et al., 2020b). Zhao et al. (2016) demonstrated that the exposure of Cu NMs (10 mg/L) significantly increased the content of root exudates, and reduced solution pH in hydroponic nutrient solution. The elevated proton concentration further stimulated the release of Cu ions. Rhizosphere microorganisms are regarded as the second genome of plants and play an important role in promoting crop growth and resilience (Kumar and Dubey, 2020). Jiao et al. (2023) reported that soil application of Se NMs (0.1 mg/kg) enhanced rice seedling growth by increasing synthesis and secretion of organic acids, which resulted in attracting more colonization of Bacillus and Pseudomonas in the rhizosphere. In addition, Maet al. (2021) also found that the combined addition of 10 mg/kg SiO2 NMs and earthworms enhanced the content of silicic acid in the rhizosphere by 11.5%, and improved the abundance of silicate solubilizing bacteria and the bioavailability of Si in the rhizosphere, finally increasing maize growth and yield. Over all, the potential and related mechanisms of the behavior and bioavailability of NMs driven by rhizosphere processes, including root secretions, microbial and soil fauna activities, have been explored and discussed at some extent. However, foliar application of NMs have attracted much attentions as it ranked second cluster in the analysis of co-citation (Figure 6A, and Figure 7). Recent researches also indicated that foliar application has certain advantages compared to traditional soil application. First, NMs for foliar application could be absorbed more quickly into crop leaves and transported more rapidly to the parts of the crop that required, thereby enhancing their functionality (Hong et al., 2021); Second, the amount of NMs needed for foliar application is relatively lower, thus significantly reducing the environmental burdens (Avellan et al., 2021). In addition, Song et al. (2021) found that foliar application of ZnO NMs can alleviate low-temperature stress in rice, and the ability of NMs to mitigate crop stress was positively correlated with the absorption of ZnO NMs. This may be due to the fact that only the NMs entering crops can induce the formation of crop resistance, thereby enhancing the resistance of crop. The absorption of NMs by crops is directly related to the bioavailability of NMs, and the bioavailability of NMs is crucial to perform the functions of NMs (Wang et al., 2020b). For foliar application, the phyllosphere process of NMs is the key process for regulating their bioavailability. Additionally, phyllosphere process of NMs is mainly influenced by the crop leaf organs and the phyllosphere microorganisms. For example, Xiong et al. (2016) found that organic and inorganic mixtures released by phyllosphere microorganisms could accelerate the dissolution of NMs, thereby improving the absorption and transport of relevant nutrient elements in leaves; Ji et al. (2024) also demonstrated that foliar application of 10 mg/L CDs improved the abundance of phyllosphere microorganisms in maize, including Verrucomicrobia, Proteobacteria, Actinobacteria, and Deinococcus-Thermus, finally result in an increase in fresh weight of maize roots and shoots (54.9 % and 50.5 %). However, it is still not clear how the phyllosphere process regulates the bioavailability of NMs, thus increasing the function of NMs on crop growth and tolerance. Therefore, exploring the impact of the phyllosphere process on the behavior and bioavailability of NMs in agricultural ecosystems is crucial for the effective and safe development of nano-enabled agricultural technologies.

Different and various NMs have shown promise in improving crop growth and enhancing resistance against biotic and abiotic stresses in greenhouse experiments (Wang et al., 2022; Cao et al., 2024). And the effects of NMs on field experiments were also performed at some extent. For example, Elmer et al. (2018) demonstrated that foliar application of CuO NMs produced 53% more watermelon fruit relative to the fusarium infected control in the field experiments, which was also superior to the commercial fungicides; Cao et al. (2023) also reported that spray with La10Si6O27 nanorods resulted in increasing rice yield by 35.4% and enhancing seeds nutritional quality relative to the thifluzamide treatment in field experiments. Although NMs have achieved certain effects in some field experiments, the types of NMs tested in these trials are relatively limited, and the scopes of the field experiments are relatively small. Additionally, the effects of NMs on agricultural environment are still mostly limited in small ecosystems, such as mostly in the greenhouse potting soil. For instance, Luo et al. (2023) evaluated that foliar application of 200 mg/L La2O3 yield the best performance in decreasing cucumber wilt, and the content of La left in soils was 2.75 mg/kg soil based on the greenhouse experiments. The total of La content in potting soil was much lower than critical concentration of La for crops and soil ecosystems. However, the assessments on the long-term effects of NMs in field trials and different food chains are still lacking (Acharya and Pal, 2020; Singh and Gurjar, 2022). Therefore, it is essential to further strengthen the implementation of field trials to assess the effectiveness and long-term environmental behaviors of NMs in agricultural application, particularly in large-scale test sites and mesocosms (Figure 7) (Cao and Wang, 2022). Furthermore, the potential human health risks associated with direct and dietary exposure to NMs should also be investigated more thoroughly (Figure 7).





5 Conclusions

In this present study, the development of NMs on agriculture application exhibited a thriving trend based on the number of publications and citations. Although many countries and institutions in Europe and Asia have contributed in this field, USA holds the first rank in the total citation and the average citation for the publications. The communication and cooperation of nano-enabled agricultural technology still need to be strengthened, such as the exchanges between different disciplines, the cooperation between different countries and research institutions. The evolution of this field has gradually changed from the toxicological study of NMs to some novel research hotpots, the first is used to be as nanofertilizers to promote the growth of crops, and the second is used to be as nanoregulators or nanopesticides to change the resistance of crops against different stress based on the analysis of keywords and co-cited publications. Finally, future research priorities and recommendations are provided below:

	the optimalizations of NMs could increase the efficacy and bioavailability of NMs. Therefore, the optimalizations of NMs, including utilizing green or green synthetic NMs, bioavailability optimalization, and synthesis of hybrid NMs are warranted;

	Soil application and foliar application are two main application methods for NMs into crop. Rhizosphere processes (e.g., root exudates and rhizosphere organisms) and phyllosphere processes (e.g., crop leaf organs and phyllosphere microorganisms) can regulate the bioavailability and environmental behavior of NMs. However, the soil and phyllosphere environment are complicated, the mechanisms of the behavior and bioavailability of NMs driven by rhizosphere and phyllosphere process should be performed in greenhouse and field experiments for better understanding the environmental behavior of NMs during agricultural application;

	Enhancing cooperation among different institutions and authors, and facilitating interdisciplinary integration across plant biology, phytopathology, materials synthesis, microbiology, mathematical modeling, and soil science hold significant importance for sustaining the advancement of NMs applications in agricultural environment, where the mechanisms of NMs on crop growth and resistance should be further explored comprehensively.

	Various NMs have shown promise in improving crop growth and enhancing resistance in greenhouse experiments. However, the long-term environmental behaviors and evaluations of NMs in field experiments and diverse ecosystems have been rarely investigated. Furthermore, the potential risk that NMs present to human health, regardless of whether the exposure occurs directly or via the diet, continue to be aspects that also urgently demand further in-depth explorations.







Data availability statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding author.





Author contributions

XL: Funding acquisition, Investigation, Visualization, Writing – original draft. JL: Formal analysis, Methodology, Software, Writing – review & editing. SG: Formal analysis, Methodology, Writing – review & editing. HY: Formal analysis, Methodology, Writing – review & editing. XZ: Formal analysis, Methodology, Writing – review & editing. ZZ: Formal analysis, Methodology, Writing – review & editing. YS: Formal analysis, Methodology, Writing – review & editing. MH: Formal analysis, Methodology, Writing – review & editing. YO: Formal analysis, Methodology, Writing – review & editing. KC: Project administration, Supervision, Writing – review & editing. ZC: Formal analysis, Methodology, Writing – review & editing. YQ: Funding acquisition, Project administration, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. Financial support from Natural Science Foundation of China (42407356), Science & Technology Department of Sichuan Province (2025ZNSFSC1199), Sichuan innovation team of national modern agricultural industry technology system (SCCXTD-2024-1), and Sichuan Academy of Agricultural Sciences (NKYRCZX2024009, 2024-02, and 2022ZZCX011) is gratefully acknowledged.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





References

 Acharya, A., and Pal, P. K. (2020). Agriculture nanotechnology: translating research outcome to field applications by influencing environmental sustainability. NanoImpact 19, 100232. doi: 10.1016/j.impact.2020.100232

 Adisa, I. O., Pullagurala, V. L. R., Peralta-Videa, J. R., Dimkpa, C. O., Elmer, W. H., Gardea-Torresdey, J. L., et al. (2019). Recent advances in nano-enabled fertilizers and pesticides: A critical review of mechanisms of action. Environ. Sci.: Nano 6, 2002–2030. doi: 10.1039/c9en00265k

 Aleixandre-Tudó, J. L., Bolaños-Pizarro, M., Aleixandre, J. L., and Aleixandre-Benavent, R. (2020). Worldwide scientific research on nanotechnology: A bibliometric analysis of tendencies, funding, and challenges. J. Agric. Food Chem. 68, 9158–9170. doi: 10.1021/acs.jafc.0c02141

 Alexandratos, N., and Bruinsma, J. (2012). World agriculture towards 2030/2050: The 2012 revision. Esa Working Papers, No. 12-03 (Rome: FAO).

 Anwaar, S., Ijaz, D., Anwar, T., Qureshi, H., Nazish, M., Alrefaei, A., et al. (2024). Boosting Solanum tuberosum resistance to Alternaria solani through green synthesized ferric oxide (Fe2O3) nanoparticles. Sci. Rep. 14, 2375. doi: 10.1038/s41598-024-52704-1

 Avellan, A., Yun, J., Morais, B. P., Clement, E. T., Rodrigues, S. M., and Lowry, G. V. (2021). Critical review: Role of inorganic nanoparticle properties on their foliar uptake and in planta translocation. . Environ. Sci. Technol. 55, 13417–13431. doi: 10.1021/acs.est.1c00178

 Bharti, A., Jain, U., and Chauhan, N. (2024). From lab to field: Nano-biosensors for real-time plant nutrient tracking. Plant Nano Biol. 9, 100079. doi: 10.1016/j.plana.2024.100079

 Borgatta, J., Ma, C., Hudson-Smith, N., Elmer, W., Plaza Pérez, C. D., de-la-Torre-Roche, R., et al. (2018). Copper based nanomaterials suppress root fungal disease in watermelon (Citrullus lanatus): Role of particle morphology, composition and dissolution behavior. ACS Sustain. Chem. Eng. 6, 14847–14856. doi: 10.1021/acssuschemeng.8b03379

 Braun, T., Schubert, A., and Zsindely, S. (1997). Nanoscience and nanotecnology on the balance. Scientometrics 38, 321–325. doi: 10.1007/BF02457417

 Buriak, J. M., Liz-Marzán, L. M., Parak, W. J., and Chen, X. (2022). Nano and plants. ACS Nano 16, 1681–1684. doi: 10.1021/acsnano.2c01131

 Cai, L., Cai, L., Jia, H., Liu, C., Wang, D., and Sun, X. (2020). Foliar exposure of Fe3O4 nanoparticles on Nicotiana benthamiana: Evidence for nanoparticles uptake, plant growth promoter and defense response elicitor against plant virus. J. Hazard. Mater. 393, 122415. doi: 10.1016/j.jhazmat.2020.122415

 Cao, X., Chen, X., Liu, Y., Wang, C., Yue, L., Elmer, W. H., et al. (2023). Lanthanum silicate nanomaterials enhance sheath blight resistance in rice: Mechanisms of action and soil health evaluation. ACS Nano 17, 15821–15835. doi: 10.1021/acsnano.3c03701

 Cao, X., and Wang, Z. (2022). Application of nano-agricultural technology for biotic stress management: mechanisms, optimization, and future perspectives. Environ. Sci.: Nano. 9, 4336–4353. doi: 10.1039/d2en00651k

 Cao, X., Wang, C., Luo, X., Yue, L., White, J. C., Elmer, W., et al. (2021). Elemental sulfur nanoparticles enhance disease resistance in tomatoes. ACS Nano 16, 1170–1181. doi: 10.1021/acsnano.1c02917

 Cao, X., Yue, L., Wang, C., Luo, X., Zhang, C., Zhao, X., et al. (2022). Foliar application with iron oxide nanomaterials stimulate nitrogen fixation, yield, and nutritional quality of soybean. ACS Nano 16, 1170–1181. doi: 10.1021/acsnano.1c08977

 Cao, Y., Ma, C., White, J., Cao, Y., Zhang, F., and Tong, R. (2024). Engineered nanomaterials reduce metal(loid) accumulation and enhance staple food production for sustainable agriculture. Nat. Food 5, 951–962. doi: 10.1038/s43016-024-01063-1

 Chen, C. (2005). CiteSpace II: Detecting and visualizing emerging trends and transient patterns in scientific literature. J. Am. Soc Inf. Sci. Technol. 57, 359–377. doi: 10.1002/asi.20317

 Cheng, B., Wang, C., Yue, L., Chen, F., Cao, X., Lan, Q., et al. (2023). Selenium nanomaterials improve the quality of lettuce (Lactuca sativa L.) by modulating root growth, nutrient availability, and photosynthesis. NanoImpact 29, 100449. doi: 10.1016/j.impact.2022.100449.0

 Donthu, N., Kumar, S., Mukherjee, D., Pandey, N., and Lim, W. M. (2021). How to conduct a bibliometric analysis: An overview and guidelines. J. Business Res. 133, 285–296. doi: 10.1016/j.jbusres.2021.04.070

 Duhan, J. S., Kumar, R., Kumar, N., Kaur, P., and Duhan, S. (2017). Nanotechnology: The new perspective in precision agriculture. Biotechnol. Rep. 15, 11–23. doi: 10.1016/j.btre.2017.03.002

 Elmer, W., de-la-Torre-Roche, R., Pagano, L., Majumdar, S., Zuverza-Mena, N., Dimkpa, C., et al. (2018). Effect of metalloid and metal oxide nanoparticles on fusarium wilt of watermelon. Plant Dis. 102, 1394–1401. doi: 10.1094/pdis-10-17-1621-re

 Elmer, W., and White, J. C. (2018). The future of nanotechnology in plant pathology. Annu. Rev. Phytopathol. 56, 111–133. doi: 10.1146/annurev-phyto-080417-050108

 El-Shetehy, M., Moradi, A., Maceroni, M., Reinhardt, D., Petri-Fink, A., Rothen-Rutishauser, B., et al. (2020). Silica nanoparticles enhance disease resistance in Arabidopsis plants. Nat. Nanotechnol.. 16, 344–353. doi: 10.1038/s41565-020-00812-0

 FAO, UNICEF, WFP, and WHO (2023). The state of food security and nutrition in the world 2023 (Rome: FAO; IFAD; UNICEF; WFP; WHO).

 Farooq, T., Adeel, M., He, Z., Umar, M., Shakoor, N., da Silva, W., et al. (2021). Nanotechnology and plant viruses: An emerging disease management approach for resistant pathogens. ACS Nano 15, 6030–6037. doi: 10.1021/acsnano.0c10910

 Goldman, A. W. (2014). Conceptualizing the interdisciplinary diffusion and evolution of emerging fields: The case of systems biology. J. Informetrics 8, 43–58. doi: 10.1016/j.joi.2013.10.009

 Hong, J., Wang, C., Wagner, D. C., Gardea-Torresdey, J. L., He, F., and Rico, C. M. (2021). Foliar application of nanoparticles: Mechanisms of absorption, transfer, and multiple impacts. Environ. Sci.: Nano 8, 1196–1210. doi: 10.1039/d0en01129k

 Hu, Y., Li, B., Zhang, Z., and Wang, J. (2022). Farm size and agricultural technology progress: Evidence from China. J. Rural Stud. 93, 417–429. doi: 10.1016/j.jrurstud.2019.01.009

 Jain, N., Kourampi, I., Umar, T. P., Almansoor, Z. R., Anand, A., Ur Rehman, M. E., et al. (2023). Global population surpasses eight billion: Are we ready for the next billion? AIMS Public Health 10, 849–866. doi: 10.3934/publichealth.2023056

 Ji, Y., Cheng, B., Le, Y., Bai, S., Cao, X., Li, J., et al. (2024). Biomass-derived carbon dots enhanced maize (Zea mays L.) drought tolerance by regulating phyllosphere microorganisms and ion fluxes. Environ. Exp. Bot. 226, 105913. doi: 10.1016/j.envexpbot.2024.105913

 Jiao, L., Cao, X., Wang, C., Chen, F., Zou, H., Yue, L., et al. (2023). Crosstalk between in situ root exudates and rhizobacteria to promote rice growth by selenium nanomaterials. Sci. Total Environ. 878, 163175. doi: 10.1016/j.scitotenv.2023.163175

 Kah, M., Kookana, R. S., Gogos, A., and Bucheli, T. D. (2018). A critical evaluation of nanopesticides and nanofertilizers against their conventional analogues. Nat. Nanotechnol. 13, 677–684. doi: 10.1038/s41565-018-0131-1

 Kah, M., Tufenkji, N., and White, J. C. (2019). Nano-enabled strategies to enhance crop nutrition and protection. Nat. Nanotechnol. 14, 532–540. doi: 10.1038/s41565-019-0439-5

 Kumar, A., and Dubey, A. (2020). Rhizosphere microbiome: Engineering bacterial competitiveness for enhancing crop production. J. Adv. Res. 24, 337–352. doi: 10.1016/j.jare.2020.04.014

 Li, B., Hu, K., Lysenko, V., Khan, K. Y., Wang, Y., Jiang, Y., et al. (2022). A scientometric analysis of agricultural pollution by using bibliometric software VoSViewer and Histcite™. Sci. pollut. Res. 29, 37882–37893. doi: 10.1007/s11356-022-18491-w

 Lin, M., Chen, Y., and Chen, R. (2020). Bibliometric analysis on Pythagorean fuzzy sets during 2013–2020. Int. J. Intell. Comput. Cybern., 14, 104–121. doi: 10.1108/ijicc-06-2020-0067

 Liu, Z., Faizan, M., Zheng, L., Cui, L., Han, C., Chen, H., et al. (2023). Nanoparticles enhance plant resistance to abiotic stresses: A bibliometric statistic. Agronomy. 13, 729. doi: 10.3390/agronomy13030729

 Lowry, G. V., Avellan, A., and Gilbertson, L. M. (2019). Opportunities and challenges for nanotechnology in the agri-tech revolution. Nat. Nanotechnol. 14, 517–522. doi: 10.1038/s41565-019-0461-7

 Lu, L., Huang, M., Huang, Y., Corvini, P. F. X., Ji, R., and Zhao, L. (2020). Mn3O4 nanozymes boost endogenous antioxidant metabolites in cucumber (Cucumis sativus) plant and enhance resistance to salinity stress. Environ. Sci.: Nano 7, 1692–1703. doi: 10.1039/d0en00214c

 Luo, X., Cao, X., Wang, C., Yue, L., Chen, X., Yang, H., et al. (2021). Nitrogen-doped carbon dots alleviate the damage from tomato bacterial wilt syndrome: Systemic acquired resistance activation and reactive oxygen species scavenging. Environ. Sci.: Nano 8, 3806–3819. doi: 10.1039/d1en00715g

 Luo, X., Wang, Z., Wang, C., Yue, L., Tao, M., Elmer, W. H., et al. (2023). Nanomaterial size and surface modification mediate disease resistance activation in cucumber (Cucumis sativus). ACS Nano 7, 4871–4885. doi: 10.1021/acsnano.2c11790

 Ma, C., Borgatta, J., Hudson, B. G., Tamijani, A. A., de-la-Torre-Roche, R., Zuverza-Mena, N., et al. (2020). Advanced material modulation of nutritional and phytohormone status alleviates damage from soybean sudden death syndrome. Nat. Nanotechnol. 15, 1033–1042. doi: 10.1038/s41565-020-00776-1

 Ma, W., Yue, L., Chen, F., Ji, H., Fan, N., Liu, M., et al. (2021). Silica nanomaterials and earthworms synergistically regulate maize root metabolite profiles via promoting soil Si bioavailability. Environ. Sci.: Nano 8, 3865–3878. doi: 10.1039/D1EN00868D

 Mao, X., Guo, L., Fu, P., and Xiang, C. (2020). The status and trends of coronavirus research: A global bibliometric and visualized analysis. Medicine 99, e20137. doi: 10.1097/md.0000000000020137

 Mishra, S., Keswani, C., Abhilash, P. C., Fraceto, L. F., and Singh, H. B. (2017). Integrated approach of agri-nanotechnology: Challenges and future trends. Front. Plant Sci. 8. doi: 10.3389/fpls.2017.00471

 National Academies of Sciences, Engineering, and Medicine (2019). Science breakthroughs to advance food and agricultural research by 2030 (Washington, DC: The National Academies Press), 242.

 Pranckutė, R. (2021). Web of Science (WoS) and Scopus: The titans of bibliographic information in today’s academic world. Publications 9, 12. doi: 10.3390/publications9010012

 Raliya, R., Saharan, V., Dimkpa, C., and Biswas, P.  (2018). Nanofertilizer for precision and sustainable agriculture: current state and future perspectives. J. Agric.  Food Chem. 66, 6487–6503. doi: 10.1021/acs.jafc.7b02178

 Ram, P., Atanu, B., and Nguyen, Q. D. (2017). Nanotechnology in sustainable agriculture: Recent developments, challenges, and perspectives. Front. Microbiol. 8 1014. doi: 10.3389/fmicb.2017.01014

 Ray, P. C., Yu, H., and Fu, P. P. (2009). Toxicity and environmental risks of nanomaterials: Challenges and future needs. J. Environ. Sci. Health 27, 1–35. doi: 10.1080/10590500802708267

 Scott, N. R. (2005). Nanotechnology and animal health. Rev. Sci. Tech. 24, 425–432. doi: 10.20506/rst.24.1.1579

 Shah, S. H. H., Shen, A., Doronin, M., Hussain, D., and Talib, S. (2020). Prosumption: bibliometric analysis using HistCite and VOSviewer. Kybernetes 49, 1020–1045. doi: 10.1108/K-12-2018-0696

 Shang, Y., Hasan, M. K., Ahammed, G. J., Li, M., Yin, H., and Zhou, J. (2019). Applications of nanotechnology in plant growth and crop protection: A review. Molecules 24, 24142558. doi: 10.3390/molecules24142558

 Shang, H., Ma, C., Li, C., White, J. C., Polubesova, T., Chefetz, B., et al. (2020). Copper sulfide nanoparticles suppress Gibberella fujikuroi infection in rice (Oryza sativa L.) by multiple mechanisms: Contact-mortality, nutritional modulation and phytohormone regulation. Environ. Sci.: Nano 7, 2632–2643. doi: 10.1039/d0en00535e

 Singh, S., and Nalwa, H. (2007). Nanotechnology and health safety-toxicity and risk assessments of nanostructured materials on human health. S.J.Nanosci. Nanotechnol. 7, 3048–3070. doi: 10.1166/jnn.2007.922

 Singh, N. B., Amist, N., Yadav, K., Singh, D., Pandey, J. K., and Singh, S. C. (2013). Zinc oxide nanoparticles as fertilizer for the germination, growth and metabolism of vegetable crops. J. Nanoeng. Nanomanuf. 3, 353–364. doi: 10.1166/jnan.2013.1156

 Singh, D., and Gurjar, B. R. (2022). Nanotechnology for agricultural applications: Facts, issues, knowledge gaps, and challenges in environmental risk assessment. J. Environ. Manage. 322, 116033. doi: 10.1016/j.jenvman.2022.116033

 Song, Y., Jiang, M., Zhang, H., and Li, R. (2021). Zinc oxide nanoparticles alleviate chilling stress in rice (Oryza Sativa L.) by regulating antioxidative system and chilling response transcription factors. Molecules 26 2196. doi: 10.3390/molecules26082196

 Usman, M., Farooq, M., Wakeel, A., Nawaz, A., Cheema, S. A., Rehman, H., et al. (2020). Nanotechnology in agriculture: Current status, challenges and future opportunities. Sci. Total Environ. 721, 137778. doi: 10.1016/j.scitotenv.2020.137778

 van Eck, N. J., and Waltman, L. (2009). Software survey: VOSviewer, a computer program for bibliometric mapping. Scientometrics 84, 523–538. doi: 10.1007/s11192-009-0146-3

 Wang, H., Wang, Q., Hu, J., Zhang, R., Gao, T., Rong, S., et al. (2022). Global research trends in in-stent neoatherosclerosis: A CiteSpace-based visual analysis. Front. Cardiovasc. Med. 9. doi: 10.3389/fcvm.2022.1025858

 Wang, Z., Wang, T., Wang, C., Yue, L., Li, J., Liu, T., et al. (2023). Lanthanum-based nanomaterials suppress bacterial wilt in tomato: Importance of particle morphology and dissolution profiles. Environ. Sci.: Nano 10, 747–760. doi: 10.1039/D2EN01040B

 Wang, D., and White, J. C. (2022). Benefit of nano-enabled agrochemicals. Nat. Food 3, 983–984. doi: 10.1038/s43016-022-00665-x

 Wang, X., Xu, Z., and Škare, M. (2020a). A bibliometric analysis of Economic Research-Ekonomska Istra ivanja, (2007 2019). Economic Research-Ekonomska Istra ivanja 33, 865–886. doi: 10.1080/1331677x.2020.1737558

 Wang, C., Yang, H., Chen, F., Yue, L., Wang, Z., and Xing, B. (2021). Nitrogen-doped carbon dots increased light conversion and electron supply to improve the corn photosystem and yield. Environ. Sci. Technol. 55, 12317–12325. doi: 10.1021/acs.est.1c01876

 Wang, Z., Yue, L., Dhankher, O. P., and Xing, B. (2020b). Nano-enabled improvements of growth and nutritional quality in food plants driven by rhizosphere processes. Environ. Int. 142, 105831. doi: 10.1016/j.envint.2020.105831

 Xie, H., Zhang, Y., Wu, Z., and Lv, T. (2020). A bibliometric analysis on land degradation: Current status, development, and future directions. Land 9, 28. doi: 10.3390/land9010028

 Xiong, T., Austruy, A., Pierart, A., Shahid, M., Schreck, E., Mombo, S., et al. (2016). Kinetic study of phytotoxicity induced by foliar lead uptake for vegetables exposed to fine particles and implications for sustainable urban agriculture. J. Environ. Sci. 46, 16–27. doi: 10.1016/j.jes.2015.08.029

 Yu, Y., Wang, S., Yu, P., Wang, D., Hu, B., Zheng, P., et al. (2024). A bibliometric analysis of emerging contaminants (ECs) (2001–2021): Evolution of hotspots and research trends. Sci. Total Environ. 907, 168116. doi: 10.1016/j.scitotenv.2023.168116

 Yue, L., Wang, J., Cao, X., Wang, C., Ma, C., Chen, F., et al. (2023). Silica nanomaterials promote rice tillering and yield by regulating rhizosphere processes, nitrogen uptake, and hormone pathways. ACS Sustain. Chem. Eng. 11, 16650–16660. doi: 10.1021/acssuschemeng.3c05419

 Zhang, M., Ma, W., Tao, R., Fan, Q., Zhang, M., Qin, D., et al. (2024). Nanomaterials: Recent advances in plant disease diagnosis and treatment. Nano Today 57, 102326. doi: 10.1016/j.nantod.2024.102326

 Zhao, L., Bai, T., Wei, H., Gardea-Torresdey, J. L., Keller, A., and White, J. C. (2022). Nanobiotechnology-based strategies for enhanced crop stress resilience. Nat. Food 3, 829–836. doi: 10.1038/s43016-022-00596-7

 Zhao, L., Huang, Y., Hu, J., Zhou, H., Adeleye, A. S., and Keller, A. A. (2016). 1H NMR and GC-MS based metabolomics reveal defense and detoxification mechanism of cucumber plant under nano-cu stress. Environ. Sci. Technol. 50, 2000–2010. doi: 10.1021/acs.est.5b05011

 Zhao, L., Lu, L., Wang, A., Zhang, H., Huang, M., Wu, H., et al. (2020). Nano-biotechnology in agriculture: Use of nanomaterials to promote plant growth and stress tolerance. J. Agric. Food Chem. 68, 1935–1947. doi: 10.1021/acs.jafc.9b06615

 Zhou, C., Li, D., Shi, X., Zhang, J., An, Q., Wu, Y., et al. (2021). Nanoselenium enhanced wheat resistance to aphids by regulating biosynthesis of DIMBOA and volatile components. J. Agric. Food Chem. 69, 14103–14114. doi: 10.1021/acs.jafc.1c05617

 Zhu, S., Meng, H., Gu, Z., and Zhao, Y. (2021). Research trend of nanoscience and nanotechnology–A bibliometric analysis of Nano Today. Nano Today 39, 101233. doi: 10.1016/j.nantod.2021.101233

 Zulfiqar, F., Míriam, N., Ashraf, M., Akram, N. A., and Sergi, M. (2019). Nanofertilizer use for sustainable agriculture: Advantages and limitations. Plant Sci. 289, 110270. doi: 10.1016/j.plantsci.2019.110270




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Luo, Li, Guo, Yu, Zeng, Zhou, Shangguan, He, Ouyang, Chen, Chen and Qin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls.2025.1530629_cover.jpg
& frontiers | Frontiers in Plant science

Analysis of research status and trends on
nano-agricultural application: a bibliometric
study





OEBPS/Images/fpls-16-1530629-g006.jpg
#0 abiotic stress

#1 drought

#2 systemic acquired
resistance

#3 nanofertilizers

#4 engineered
nanomaterials

#5 controlled release

#6 silver nanoparticles





OEBPS/Images/fpls-16-1530629-g001.jpg
>

600

500

-2
=
=
oo
=

400

300
10000

Number of citations
Number of citations

b2
o=
-

Number of publications

100

)]
2000 2005 2010 2015 2020
Year

()

700 30000 B 6000

4000

2000

0
2000

—&— China
—e— [ndia
A American
v Pakistan

¢  Lgypt

2005 2010 2015 2020
Year





OEBPS/Images/fpls-16-1530629-g003.jpg
Qatar

Ethiopia

King Faisaktniv

|

Sao Paul@s

Univ S48 Paulo| -~ dndie
tra Malaysia

Univ |

e ey,

.&ijahmx,

Ca E’a"ﬂéwv Zealand

B

\
\ /

(7

U e

/ Banaras Hiftduil

~

Mit

Comnell Univ

g H .
Univ rida
A//
/ ?
/ \

/ A

")
........

— Nanji

__lﬁg/ l;orestry Univ
nstTechnol —

=X

v .
AgrU
.l'

7 Un ah

e A

ni _Chine
‘Quaid 1 Azam Umv-’ =

Univ C in

e Acad Sci





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Analysis of research status and trends on nano-agricultural application: a bibliometric study

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results and discussion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Data collection

          



          		

            2.2 Bibliometric analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Evolution and distribution of publications related to NMs on agriculture application

          



          		

            3.2 Collaborative network diagrams of contributing countries, institutions, and authors

          



          		

            3.3 Research progress of NMs on agriculture application

          



          		

            3.4 The most co-cited publications

          



        



        



        		

          4 Discussion and future research perspectives

        

          		

            4.1 Cooperations promote the development of nano-agricultural application

          



          		

            4.2 The comprehensive understanding of the toxicology of NMs promotes the application of NMs in agriculture

          



          		

            4.3 Future research perspectives of nano-agricultural application

          



        



        



        		

          5 Conclusions

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-16-1530629-g007.jpg
O NMs
@ Root nodule

“ﬁ
L+
{

‘ s 5% Nanofertilizers  Crop growt]”

o
o

Mechanisms "b Phyllosphere processes

"% Rhizosphere processes
1 -I
Crop growth and resistance

- e =
— —-1-’A
- | \
1‘ | _
. - | T

Toxicologicdl stad
(2000-2016

Sustainable agriculture

! ' ) application (2017-present)
ek

j U&mh perspectives





OEBPS/Images/table2.jpg
Number of (2018-2023) Total local Total global Citation

published Impact factor citation citation frequency
papers (2018-2023) score (TLCS) score (TGCS) per paper
Nanomaterials 58 54 0 1339 23.09
Science of The Total Environment 52 9.6 197 2793 53.71
Journal ongmu{luml and i ¥ 320 2424 5913
Food Chemistry
Environmental Science and
Pollution Research 3 >4 59 816 247
I.nten‘tanunal Journal of 58 o 55 i 3455
Biological Macromolecules
Environmental Science: Nano 35 7.9 189 818 2337
Frontiers in Plant Science 35 6.8 0 629 17.97
Scientific Reports 35 4.9 0 1333 38.09

Chemosphere 34 83 4 1021 30.03





OEBPS/Images/fpls-16-1530629-g005.jpg
Keywords
Cytotoxicity
Kinetics

Rapid detection
Particles
Stability
Microspheres

Cellulose nanocrystals
Essential oils

Extraction
Nitrogen

Strength Begin

5.24
5.46

495
5.91
5.73
5.86

5.83
5.17

6.84
6.58

Metal oxide nanoparticles 5.44

Carbon nanotubes
Foliar application
Green synthesis

Plant growth
Sustainable agriculture
Design

Leaf extract

Abiotic stress

Triticum aestivum |

5.2
11.12

10.76

10.51
7.09
7.04
6.52
6.06
6.04

2012
2014
2014
2017
2017
2018
2018
2018
2020
2020
2020

2020
2021

2021
2021
2021
2021
2021
2021
2021

End
2017
2018
2019
2019
2019
2019

2020
2020

2021
2021
2021

2021
2023

2023
2023
2023
2023
2023
2023
2023

2010 - 2023





OEBPS/Images/table3.jpg
Publication = Frequency Total Citations

time citations  per year
Lowry et al. (2019) Opportunities an.d challeniges for ) 2019 13 106 % 10.1038/541565-019-
nanotechnology in the agri-tech revolution 0461-7
Kah et al, (2019) Nan?:enabled stmteg.nes to enhance crop 2019 107 360 %0 10.1038/541565-019-
nutrition and protection 0439-5

A critical evaluation of nanopesticides and

10.1038/541565-018-
Kah et al. (2018) nanofertilizers against their 2018 102 462 92.4 s

. 0131-1
conventional analogues
Shang et al. (2019) Applications of nanotec}?nology m.plant 2019 ™ 322 8050 10.3390/
growth and crop protection: A review molecules24142558
Nanotechnology in agriculture: Current status, 10.1016/
Usman et al. (2020) - 2020 73 277 92.33 o
challenges and future opportunities j.scitotenv.2020.137778
Nanotechnology in sustainable agriculture: 103389/
R: 1. (2017, t devel , chall 201 2 437 2. o
am et al. (2017) Recent devel ?pments challenges, 017 7. 3 72.83 fmich.2017.01014
and perspectives
Duhan et al. (2017) Nan.o!vechnolf)gy: The new perspective in 2017 7n 378 63.00 .10.1016/
precision agriculture j-btre.2017.03.002
Nanofertilizer for precision and sustainable oy
Raliya et al. (2018) agriculture: Cu?'rem state and 2018 66 249 49.80 acsjafe.7b02178
future perspectives
Nanofertilizer use for sustainable agriculture: 10.1016/
Zulfigar et al. (2019, 2019 65 22 55.50
MBSk | o argesiand limititions jplantsci.2019.110270

Recent advances in nano-enabled fertilizers
Adisa et al. (2019) and pesticides: A critical review of mechanisms 2019 58 229 57.25 10.1039/C9EN00265K
of action





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-16-1530629-g002.jpg
150

B Environmental sciences

—®— Chemistry multidisciplinary B
—A Malterials science multidisciplinary .

100 4 ¥ Nanoscience nanotechnology
—&— Plant scicnces

=

LN
—

B Environmental sciences I Chemistry multidisciplinary
I Materials science multidisciplinary B Nanoscience nanotechnology
~ Plant sciences [ Polymer science

" Physics applied B Chemistry physical 0
B Biochemistry molecular biology B Food science technology 2000

Number of publications I






OEBPS/Images/table1.jpg
Category Intermediary centrality

Environmental science 0.19
Chemistry multidisciplinary 0.13
Materials science multidisciplinary 0.19
Nanoscience nanotechnology 0.15
Plant sciences 0.04

Polymer science 0.11

Physics applied 0.04
Chemistry physical 0.09
Biochemistry molecular biology 0.21






OEBPS/Images/fpls-16-1530629-g004.jpg
leaf extract
antibacterial activity

3

B

metal nanoparticle?xtﬁact
~ 4

1,,'7 ] - . - -"-"",
" -
A )

&

/
x"v
b

| 4 N
i A
x 1

e 11-‘ -
g 4"
s Lo

41 y >

P Vo ' .
2

4 F ‘ : N,

,/ .5‘ ff / L o : - , -
VNN i escheric
~ dreen'synthesis sscher

»

»
by
-

)

-

IOSYRINeSIS iipacterial

~






