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Abstract

Nanogels are hydrogels embedded with nanoparticles. They have been increasingly
applied in drug delivery, biomedical engineering and environmental remediation.
At present, no bibliometric study has provided a comprehensive analysis of
nanogels. This study aims to summarize the current development and future trends
of nanogels publications through bibliometric analysis. Publications on nanogels
from January 1, 2000, to August 1, 2024, were retrieved from the Science Citation
Index Expanded of the Web of Science Core Collection for further bibliometric
analysis. We used VOSviewer and Bibliometrix to conduct the co-authorship analysis
of countries/regions, institutions and authors, summarized the most productive
contributors, and keywords co-occurrence analysis to identify research hotspots and
future trends on nanogels. A total of 9,569 publications were included in this study.
This study revealed an overall growth trend of nanogels, peaking in 2022 (n=948).
China was the most contributive country (n=3785). The most productive institution
was the Chinese Academy of Sciences (n=335). Kazunari Akiyoshi (n=112) was

the most prolific author. A total of 230 keywords were grouped into five clusters:
nanogels and drug delivery; crosslinking chemistry of nanogels; nanogels in water
treatment and biodegradation; nanogels and scaffolds; and temperature and
pH-responsive nanogels. Emerging research directions included the application

of novel nanogels in drug delivery and biomedical fields. This study reveals the
research trends, collaboration patterns, research hotspots, and emerging frontiers

in nanogels research. These findings can provide researchers with a comprehensive
understanding of nanogels research and offer guidance for future research directions.

Keywords Bibliometric analysis, Nanogels, Materials, VOSviewer, Bibliometrix

1 Introduction

Nanogels, as nanoscale hydrogel, seamlessly integrate the unique properties of hydro-
gels and nanomaterials. Their structure is defined by a three-dimensional polymeric net-
work formed through chemical and/or physical crosslinking, endowing them with a high
specific surface area, adjustable pore structure, and remarkable biocompatibility [1, 2].
Nanogels offer many advantages in drug delivery systems. They have advantages of high
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encapsulation capacity, high biocompatibility, tunable size, ease of synthesis, minimal
toxicity and stability in biological environments, which make them an ideal platform for
therapeutic applications [3, 4]. Because of their responsiveness to external stimuli, such
as pH and temperature, they can be used to control precisely the release of drug and
improve both efficacy and targeting capabilities [5, 6]. Moreover, noncovalent encapsula-
tion of protein- based drugs into nanogels overcomes the stability and shelf- life limita-
tions of these drugs [7]. Apart from drug delivery, nanogels have shown great potential
in other biomedical area, such as diagnostic imaging, cellular engineering and tissue
repair [8, 9]. Nanogels are used to remove pollutants, such as heavy metals and organic
contaminants, from water in environmental science. As adsorbents and catalysts, nano-
gels play a role in environmental protection initiatives [10]. Thus, nanogels have signifi-
cant applications across a variety of fields, including chemistry, materials science, and
biomedicine, which makes the analysis of their research hotspots and trends highly
meaningful.

Bibliometric analysis is an emerging field within information science [11]. It has
been used in many fields such as medicine, materials, biology, engineering, and so on.
Its foundational theories are power law distribution, graph theory-based citation net-
work analysis, matrix model, and time-series model [12-15]. Power law distribution
is used to analyze author productivity, citation counts, and keyword frequency. Graph
theory-based citation network analysis is used to present the citation relationship and
knowledge structure of publications. Matrix models are used to support the analysis
of co-citation, and collaboration networks. Time series model is used to analyze the
dynamic change of topic evolution and research hotspots. Based on these theories,
bibliometrics can give statistical and summarized analysis of quantitative information
in a given field, revealing performances, co-authorship patterns and research hotspots
[16-18].

In recent years, nanogels research have developed rapidly. Nanogels represent a
novel class of hydrogels that are distinct from smart hydrogels. The essential differ-
ences between nanogels and smart hydrogels are in size (ranging from 20 to 200 nm)
and the requirement for stimulus responsiveness [19]. Although there are some reviews
on nanogels, they focus on different aspects [20-22]. There is no comprehensive biblio-
metric analysis specifically targeting publications on nanogels. We utilized VOSvoiwer
to conduct the co-authorship analysis of countries/regions, authors and institutions, co-
occurrence of keyword, and the temporal evolution of keywords. We hope to provide a
clearer depiction of past research hotspots and forecasting future publication trends on
nanogels, so that future researchers can get one-stop overview and identify research gap.

2 Materials and methods

2.1 Data sources and search strategies

We utilized the Web of Science Core Collection (WoSCC) as the database for this study.
The Web of Science is an online platform that includes bibliographic information and
information analysis resources, which can be used to assess and analyze research per-
formance [23]. On August 1, 2024, a comprehensive search on nanogels was conducted
within the Science Citation Index Expanded (SCI-E) of the WoSCC database. The time
range for the data source was from January 1, 2000, to August 1, 2024. The search strate-
gies were TS= (“Nanogel$” or “Nanocomposite Gel$” or “Nanocomposite Hydrogel$” or
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“Nano-gel$” or “Nano-Hydrogel$”). A total of 11,351 publications were retrieved. After
refining the document type to article, 9,635 publications remained. After further refin-
ing the language to English, 9,569 publications remained. These 9,569 publications were
ultimately included in this study. We exported the complete records of the bibliographic
items retrieved from WoSCC in plain text file format, including all custom options. The
data were downloaded on the same day to prevent potential data bias due to database
updates. Finally, we imported the data into VOSviewer and Bibliometrix for bibliometric
analysis. We adopted full counting methods in VOSviewer. The detailed selection pro-
cess is shown in the flowchart (Fig. 1).

2.2 Bibliometric analysis

In bibliometric analysis, metrics for performance analysis play important roles. The
annual or group publication output and citation counts are the most prominent met-
rics. Publication output reflects productivity, while citation count reflects impact. In
addition, average normalization citations represent the average number of citations
per publication, normalized relative to the average citation level of publications in the
same year and field [24]. We employed VOSviewer [25] and Bibliometrix [26] software

Science Citation Index Expanded Database in Web of Science Core Collection

A

Search Terms and Strategies: TS= ("Nanogel$" or '""Nanocomposite Gel$" or
""Nanocomposite Hydrogel$" or ""Nano-gel$" or ""Nano-Hydrogel$')
Time Span: January 1, 2000 to August 1, 2024

i

Number of Publications
N=11351

Document Type: Article
Y

Number of Publications
N=9635

Language: English

v
Number of Publications
N=9569

l

Export the Complete Records in Plain Text File Format including All Custom
Options on August 1, 2024

A

Import the Data into VOSviewer and Bibliometrix for Bibliometric Analysis

v

Analysis: Publication Year, Countries/Regions. Institutions, Authors,
Publications, References, Keywords

Fig. 1 A flowchart for filtering publications in nanogels research
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for bibliometric analysis of the publications. VOSviewer, developed by Leiden University
in the Netherlands, is a tool used for constructing and visualizing bibliometric maps;
it can create maps based on co-citation data for authors or journals, or based on co-
occurrence data for keywords [25, 27, 28]. The bibliometrix designed by Massimo Aria
and colleagues, is a unique open-source tool written in R for comprehensive bibliomet-
ric analysis [26]. We used VOSviewer software to analyze the collaboration relationships
between countries/regions, co-authorship among institutions, author collaboration,
co-citation of references, keyword co-occurrence networks and temporal frequency. In
VOSviewer, each node represents an item, with the size of the node corresponding to
its frequency of occurrence. Lines connecting the items indicate relationships between
them, with a greater number of lines reflecting a stronger relationship. The thickness of
the lines represents the degree of collaboration between different items, while different
colors denote different collaborative clusters [29]. Additionally, we employed Bibliome-
trix to count the most cited publications. By using these effective tools, we were able to
visualize bibliometric data, facilitating the analysis of bibliometric data. This study used
publicly available data and did not require ethical approval.

3 Results

3.1 Annual publication analysis

A total of 9,569 publications on nanogels were retrieved from the SCI-E within WoSCC.
The number of publications on nanogels generally tended to increase from 2000 to
2024. This trend can be divided into two phases. The first phase (2000—2010) saw a slow
increase in publication numbers, with an average annual publication count of 59.6 pub-
lications. The second phase (2011-2024) witnessed a significant increase in the number
of publications, with the annual count surpassing 200 for the first time in 2011, reaching
252 publications. The number of publications subsequently increased rapidly, peaking
at 948 publications in 2022, which reached 474 times the volume in 2000. The average
annual publication count was 636.6 publications during the second phase, which was
significantly greater than that in the first phase. In the recent five years (2020-2024), the
number of publications on nanogels (1 =4,130) was accounting for 43.2% of the total. As
of August 1, 2024, there were 509 publications on nanogels, while 2024 was not a full
year data (Fig. 2).

3.2 Leading countries/regions

A total of 97 countries or regions have contributed to publications on nanogels. Table 1
displays the top 10 countries/regions by the number of publications from 2000 to 2024.
China led with the highest number of publications, totaling 3,785. The United States of
America (n=1,252) and Iran (n=735) ranked second and third, respectively. The top
three countries by total citations were still China (7=140,021), the United States of
America (n=66,542), and Iran (n=21,956), which correlated with the high number of
publications. Among the top 10 most productive countries, the United States of America
had the highest average citation count for its publications (n=53.15). Average normal-
ization citation reflects the true impact of research quality, which eliminates differences
related to discipline, publication year, and document type. Among the top 10 most pro-
ductive countries, the United States of America had the highest average normalization
citations (n=1.29).
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Fig. 2 Analysis of the quantity and trends of annual publications

Table 1 The top 10 countries/regions on nanogels sorted by the number of publications

Rank Country/Region Counts Citations Average citations Average normalization citations
1 China 3,785 140,021 36.99 1.22
2 United States of America 1,252 66,542  53.15 1.29
3 Iran 735 21,956 29.87 1.10
4 India 734 19117 26.04 0.89
5 Japan 533 23597 4427 0.81
6 Germany 528 17,368  32.89 0.87
7 South Korea 478 17395 3639 1.01
8 United Kingdom 291 10,710 36.80 1.10
9 Canada 264 12,137 4597 1.28
10 Turkey 262 6,967  26.59 0.75

To understand the collaborative relationships between countries/regions, we selected
67 countries or regions that published at least 5 publications. The data were then visual-
ized via VOSviewer software (Normalization method: LinLog/modularity), as shown in
Fig. 3. China held a central position in international collaboration, and it had the closest
connections with other countries/regions, with collaborations with 48 countries. China
and the United States of America were the most common collaborators, with 275 co-
published publications, highlighting both countries’ significant contributions to nano-
gels. The largest cluster was the red one, with Germany, the United Kingdom, France,
and many other European countries. The second largest cluster was the green one, which
was centered by Japan, India, and South Korea. Countries/regions were close collabora-
tion with and between clusters.

3.3 Active institutions

A total of 5,081 institutions have contributed to publications on nanogels. Table 2 dis-
plays the top 10 institutions by the number of publications. The institution with the
highest number of publications was the Chinese Academy of Sciences, with 335 publica-
tions. It was followed by Sichuan University with 182 publications and Donghua Univer-
sity with 165 publications. In addition, the Chinese Academy of Sciences had the highest
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Fig. 3 Collaborative network map of countries/regions with at least 5 publications on nanogels
Table 2 The top 10 institutions on nanogels sorted by the number of publications
Rank Institutions Country/Region Counts Citations  Average Average

citations normal-

ization
citations
1 Chinese Academy of Sciences China 335 19,993 59 157
2 Sichuan University China 182 7,553 41 1.25
3 Donghua University China 165 6,757 40 117
4 Shanghai jiao Tong University ~ China 163 4,807 29 1.34
5 Rheinisch-westfalische Tech- Germany 117 3,508 29 0.95
nische Hochschule Aachen

6 Islamic Azad University [ran 111 2,756 24 0.89
7 Fudan University China 110 5012 45 1.39
8 Zhejiang University China 110 2922 26 104
9 Kyoto University Japan 108 3,239 29 0.68
10 Huazhong University of Science  China 105 3,682 35 1.13

and Technology

average citation count (#=59) and average normalization citations (n=1.57), indicating
that its publications were of high quality and had a significant influence on nanogels.

We filtered a total of 103 institutions with at least 30 publications and used VOSviewer
to construct a collaborative network map for these institutions. We incorporated all 103
institutions into the map (Normalization method: Association strength), as shown in
Fig. 4. The map revealed close collaboration among institutions, with the Chinese Acad-
emy of Sciences being the most closely connected with other institutions and having
collaborations with 43 institutions. There were 6 clusters on the map, and the institu-
tions were very closely interconnected within the clusters. The clusters marked in red
primarily consisted of institutions from China, indicating close collaboration among
them. Shanghai Jiao Tong University, Fudan University, and Donghua University formed
a tightly connected group, indicating a strong regional collaboration.



Liu et al. Discover Nano (2026) 21:21 Page 7 of 17

aastright univ

tondniv ez Insteract mac e
rhein wesgf@lch aachen
east china urifigsd & rechno donglillp univ
shanglii 1
b
huszhong uriiigsci & sechnol Epyprian i res ns
fudgunly kawamuca i cnem res
wuhguniv.
P King ST UV cgypan atorncrgy sudhor
huarhor@igr s 5*‘3"%“5'%‘”‘@ oy indian 198 tecanol prince samar Bin anduiasiz uni
2nengzipu iy canakkale origgi<z mart univ
anzh uri i e T ——— Labriz urfpmed sci
' oIl dni uni @inho X 2
m:;«f.gm! ol unis Tarbiar miglares unv M.ﬁnw'vlum\.
southern@ed univ ral s o uriv basalie cauntry
ank miichester istanbulgech unv. iy Tree Uiiberlin sharif uniitechnol univgriz
i i rossen@Esa s
i = werzhougied unw e payamaticer i
chine ad sci jing univ @em techingl univi
singhp uny ikt g Lechos
i@t ot chind@iv techngl 2l vy i colambia Kbl G lack
jnatga iy s memagger 1riv
univ chinggh acad sci * b il angeles i talira med s
narl univ@inganore buiing feestry univ + PNy yuniv univgpent eung@n un
ssfing reraa uri s chins U cachnel i alan un nies v s
AT S i TS kv i
univ sci & @@hnol china pekigguniv iy Sponton ing abaliazi v
qingAgp univ A o kel Rinks Soaussiy max planck ings polymer res
i@ univ sichdgguniv
ehina pha pacei uniy 1805 LU gy i sin
. e @ beijng Rggtechnt
sl g - nanjinggech urle unhiiokyo
inr@yine secul @t univ
oy masg@knuserts
Gl unigsechrol anjigrniv yushigunie
= nanjieg uriv cathalic @iv korea kyotouniv
#ho VOSviewer naniguniv sunghyuriaan Uty
chinese a@d med scl tokyo med & dent univ

Fig. 4 Co-authorship between institutions with at least 30 publications on nanogels

stansbury jeffrey w.

raemdongk, koen
de geestbrunog.

namazi, hassan

nuhi, lutz e, euniseong torghen
el wang, tao
naskun sawaddghin-ichi
wu, weitai
peppas, fiicholas a.
akiyos| zunari
bai, liangjiu e yoshigka
gaharwarakhileshi. wel, donglel »
sahiner, nurettin
wang §@nxiang aklohedan; hamad a.
du,gpan
cher@uesi yang, huawel xu, ghimei varaprasad, kokkarachedu
he, chgoliang "B xu,Wigiguo  yangixia
calderoffgmarcelo ligpa resmini, marina
e yangiiyang
dingiflanxun s © hasepiner shen, @ngwu
I, ylin
xiao, chiinsheng I, @@ng
2 shi, xidbgyang
21 L 4
zhuag, xiuli e cheg@gwei hoargjtodd
Yar®Le iy gang P
warighjun pichgparl
wangi@igang richterifg, walter
liu, @eng ligin
- . zhu, @@igifang s
matyjaszewski, krzysztof warg@ xin li.gan moellegmartin
wangqin

yang {@NElang ooy chifikazutoshi
jayakumar, r.
walgpwei zhao, yanbing

chen,qiang wang, hui

thayumanavan, s

Xiegru iy, afiuang xufeng
ju, Xigo-jie

yang jun

chu, li@ng-yin

A, vosviewer

Fig. 5 Co-authorship between authors with at least 20 publications on nanogels

3.4 Prolific authors

A total of 26,159 authors have contributed to publications on nanogels. Here, we fil-
tered for authors with at least 20 publications, resulting in a total of 82 authors, and used
VOSviewer to construct a co-authorship network map for the authors. We incorporated
all 82 authors into the map (Normalization method: Association strength), as shown in
Fig. 5. There were a total of 27 clusters, with the largest cluster comprising 16 authors.
Among them, there were more connections between the red, green, blue, and purple
clusters, whereas there were less connections between the other clusters. The top three
authors on nanogels according to the number of publications were Kazunari Akiyoshi
(n=112), Nurettin Sahiner (n=75), and Andrij Pich (#=65). The authors within the
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same cluster had close collaborations. Kazunari Akiyoshi, Sawada Shin-ichi and Sasaki
Yoshihiro formed a research cluster, promoting the development of nanogels together.

3.5 Highly influential publications and references

The analysis of highly cited publications revealed significant trends and insights. Table 3
lists the top 10 most cited publications. The most cited publication was an article by
Haraguchi, K. published in Advanced Materials in 2002, titled “Nanocomposite hydro-
gels: A unique organic-inorganic network structure with extraordinary mechanical, opti-
cal, and swelling/de-swelling properties’, which has been cited 1,865 times. This was
followed by an article by Wang, Qigang, published in Nature in 2010, titled “High-water-
content mouldable hydrogels by mixing clay and a dendritic molecular binder” with
1,362 citations, and an article by Cheng, Ru published in Journal of Controlled Release
in 2011, titled “Glutathione-responsive nano-vehicles as a promising platform for tar-
geted intracellular drug and gene delivery” with 1,140 citations. Total citations per year
quantifies the citation rate of a publication, reflecting its annualized impact. Among the
top most cited publications, an article titled “Highly Stretchable, Elastic, and Ionic Con-
ductive Hydrogel for Artificial Soft Electronics” had the highest total citations per year
(n=113.17), reflecting its timely impact on nanogels.

We conducted a visual analysis of 255,193 references from the 9,569 retrieved publica-
tions. We filtered the references that were cited at least 60 times, totaling 175 references,
and used VOSviewer software to create a co-citation map of these references (Normal-
ization method: LinLog/modularity), as shown in Fig. 6. There were 4 different clusters,
and the largest cluster comprised 67 references. The article by Haraguchi, K., published
in Advanced Materials in 2002 had the largest citation node (7 =835). This was followed
by an article by Gong, JP, published in Advanced Materials in 2003 (n=520) and a review
by Kabanov, Alexander V., published in Angewandte Chemie-International Edition in
2009 (n=495). They were closely linked with other references, indicating that they have
made significant contributions to the foundational research on nanogels.

3.6 Core keywords and clusters

A total of 11,295 keywords were identified from 9569 publications. After standardiza-
tion, 230 keywords with at least 60 occurrences were selected. We created a keyword
co-occurrence network in VOSviewer (Normalization method: LinLog/modularity),
as shown in Fig. 7. The most frequently occurring keyword was “nanogels” (n=4526),
followed by “nanoparticles” (n=2638), “hydrogels” (n=1927), and “drug delivery”
(n=1685). The keywords were divided into five clusters, each represented by a different
color: red, green, blue, purple, and yellow. The five clusters were as follows: (1) nano-
gels and drug delivery, (2) crosslinking chemistry of nanogels, (3) nanogels in water
treatment and biodegradation, (4) nanogels and scaffolds, and (5) temperature and pH-
responsive nanogels.

We constructed an overlay map in VOSviewer, as illustrated in Fig. 8. In the overlay
map, the color coding represents average publication year of each keyword, allowing for
the visualization of trends in specific themes or research areas. Keywords shown in blue
correspond to earlier research, representing foundational hotspots on nanogels, such
as “volume phase-transition” (avg. pub. year:2012), “stabilization” (avg. pub. year:2013),
and “core” (avg. pub. year:2013). In contrast, keywords in red represented more recently
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topics, indicating emerging research hotspots on nanogels, including “self-healing
hydrogel” (avg. pub. year:2020), “antibacterial” (avg. pub. year:2020), “antioxidants” (avg.
pub. year:2020), “water purification” (avg. pub. year:2020) and “wound healing” (avg.
pub. year:2021). At the same time, we divided all publications to two parts, one included
the publications from 2000 to 2018 (n =4,556), the other included the publications from
2019 to 2024 (n=>5,013). The data was shown in Supplementary Table 1. By comparing
the top 100 keywords of each part, we could find the emerging research hotspots. The
emerging keywords included chitosan, adsorption, scaffold, antibacterial, and self-heal-
ing. These findings indicated that the research hotspots and directions on nanogels have
undergone significant changes, with an increasing number of areas being explored and
investigated.

4 Discussion
This study is the first bibliometric analysis focused on nanogels. We analyzed the
research hotspots and trends on nanogels.

The annual publication count reflects the development dynamics and trends in a
specific field. As shown in Fig. 2, nanogels research was in its early stages from 2000
to 2010. Since 2011, publications on nanogels have exhibited a vigorous development
trend. This was attributed to advances in controlled polymerization and nanoscale cross-
linking strategies, which lowered the technical threshold for reproducibly preparing
nanogels, thereby promoting broader participation by researchers [30, 31]. At the same
time, developments in nanomedicine have increased the demand for nanogels, further
stimulating researchers’ enthusiasm [32].

Through the analysis of high-output countries/regions, institutions, and authors, we
found that China has had a significant influence on nanogels during the past 25 years,
maintaining a leading global position. The United States of America and Iran also had
considerable contribution to nanogels research. The United States of America exhibited
the highest quality of its publications, which was consistent with its long-standing lead-
ership in biomedical research capacity, high-impact funding programs, and its concen-
tration of world-class research institutions. Co-authorship network analysis can reveal
the intensity, structure, and trends of collaboration among countries, institutions, and
authors in a research field. China’s position at the center of the collaboration network
indicated its growing integrative role on nanogels, functioning as a major connector that
linked multiple high-productivity countries knowledge exchange across regions. The
Chinese Academy of Sciences had the closest collaboration between different institu-
tions indicating a high level of collaboration and resource sharing on nanogels, reflecting
similarities or complementarities in research themes, goals or technologies. Interna-
tional collaboration among different countries and institutions can accelerate the rapid
development of nanogels.

The author with the greatest number of publications was Professor Kazunari Akiyo-
shi from the Graduate School of Medicine, Kyoto University, who was dedicated to the
design and functionalization of nanomaterials and their applications in biomedical and
environmental sciences [2]. This indicated his high activity and expertise on nanogels.
As shown in Fig. 5, a research group by Kazunari Akiyoshi, Sawada Shin-ichi and Sasaki
Yoshihiro mainly collaborated on developing polysaccharide self-asssembled nanogels
and applied them artificial chaperones, drug delivery, and vaccine delivery systems [33,
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Fig. 7 Co-occurrence network map of keywords with at least 60 occurrences on nanogels

34]. A relatively low degree of collaboration among authors suggested limited resource
sharing and communication between researchers. To enhance collaboration among
researchers and advance research on nanogels, it is important to promote interdisciplin-
ary exchanges and establish collaborative research platforms.

Examining highly cited publications and co-cited references helps in understanding
crucial research methods or theoretical frameworks within a specific field. The most
cited publication and the most co-cited reference were both a publication titled “Nano-
composite hydrogels: A unique organic- inorganic network structure with extraordinary
mechanical, optical, and swelling/de-swelling properties” This publication introduced
a novel type of nanocomposite hydrogel that combines organic polymers with inor-
ganic nanoparticles to greatly enhance the mechanical strength, optical properties, and
swelling/de-swelling responsiveness [35]. This study illustrated the wide applicability
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Fig. 8 Overlay map of keywords with at least 60 occurrences on nanogels

potential of these hydrogels in biomedical research and in environmental protection and
laid a foundation for further study on nanogels.

Cluster analysis helps to group similar topics to discover hot topics and trends in a
research field. By using VOSviewer software, 230 keywords were categorized into five
clusters. Cluster 1 focused on the application of nanogels in drug delivery systems, with
keywords such as nanoparticles, drug delivery, release, and design. nanogels, made up of
natural or synthetic material are engineered for targeted drug delivery, providing a huge
boost to bioavailability [36]. The two dominant mechanisms highlighted in this clus-
ter are physical encapsulation through non-covalent forces and covalent drug-network
conjugation, mirroring key technological turning points in drug delivery: the transition
from passive carrier to stimuli-responsive platforms capable of controlled, site-specific
drug activation [37]. These mechanisms innovations directly support real-world applica-
tions, including precision delivery in oncology, neuro-regeneration, and inflammatory
disease, where nanogels have improved therapeutic indices and reduced systemic toxic-
ity [38]. Their versatility is underscored by recent applications in the treatment of spinal
cord injury, cancer, cardiovascular diseases, ischemic stroke, bone regeneration, wound
healing, psoriasis, and inflammatory disorders [39, 40]. This cluster captures a substan-
tive technological trajectory, that is the convergence of nanogels and precision medicine
to form the foundation of next-generation pharmaceutical platforms.

Cluster 2 focused on the cross-linking chemistry of nanogels and its impact on per-
formance and applications, with keywords such as cross- linking, polymerization, and
mechanical properties. Typical crosslinking chemistry involves covalently linking
together polymer chains to give gels increased mechanical strength and stability [41].
These cross-links can be achieved via chemical reactions, e.g. click chemistry [42], or
through physical interactions [37]. These resultant cross-linked structures show sus-
tained release capabilities, biocompatibility and tunable drug release profiles. Novel
redox- responsive hydrogels based on poly(N-isopropylacrylamide) or polyacrylamide,
utilizing redox- sensitive crosslinkers create new opportunities for analyte exchange in
microfluidic applications for sensing and separation [43]. Furthermore, nanogel cross-
linking-based Belousov-Zhabotinsky (NCBZ) self- oscillating polyacrylamide (PAAm)
gels show potential for applications in smart soft robotics, actuators, sensors, and tissue
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engineering [44]. Recent advances increasingly favor biocompatible and biologically
relevant backbones, such as poly (ethylene glycol) (PEG), hyaluronic acid (HA), and
polypeptide-based networks, which use click chemistry or dynamic covalent cross-links
to achieve both material stability and improved biological performance. PEG- and HA-
based nanogels exhibit superior cytocompatibility and tunable degradation profiles,
supporting controlled drug delivery and enhanced tissue regeneration [45]. Similarly,
peptide-based hybrid nanogels employing thiol-ene or Schiff-base cross-linking demon-
strate adaptive mechanical properties and efficient loading of bioactive molecules [46,
47]. These systems highlight cross-linking chemistry is increasingly leveraged not only
to modify mechanics or release kinetics but also to match biological environments and
promote cell-material interactions.

Cluster 3 focused on nanogel-based water treatment and biodegradation, with pri-
mary keywords including nanocomposites, chitosan, water, and biodegradation. This
cluster reflects a coherent technological trajectory in which polymer-inorganic hybrid
structures are engineered to couple high-affinity pollutant capture with environmentally
benign degradation pathways. The prominence of chitosan and clay-based nanocompos-
ites illustrates how surface chemistry, porosity, and functional group density have been
deliberately optimized to remove heavy metals, acidic dyes, and organic pollutants with
far greater efficiency than conventional sorbents [48, 49]. Dendritic architectures, for
instance, exemplify how nanoscale branching enhances diffusion, increases accessible
binding sites, and enables rapid adsorption kinetics [50].Moreover, these nanocompos-
ites are also biodegradable, breaking down into harmless substances and thus minimiz-
ing their environmental impact [51]. This dual functionality—effective pollutant removal
and subsequent harmless degradation—positions dendritic nanocomposites as promis-
ing candidates for sustainable water treatment solutions.

Cluster 4 focused on the use of biocompatible nanogels combined with scaffolds in
biomedical applications, with primary keywords including scaffold, biomedical applica-
tions, and biocompatible materials. These keywords collectively indicate nanogels have
moved from being drug carriers to becoming functional components of engineered
microenvironments. Nanogels are widely used in drug delivery, tissue engineering,
and regenerative medicine. Nanogels possess excellent drug-loading capacity, enabling
sustained drug release through scaffolds. This synergy not only enhances the bioavail-
ability of the drug but also prolongs its release time in the body, thereby improving its
therapeutic efficacy [52]. The high controllability of nanogels allows for the embed-
ding of drugs or growth factors, promotes tissue regeneration, and allows scaffolds to
serve a structural support role in tissue engineering [53]. Nanogel-based scaffolds can
be applied in tissue engineering to provide a conducive microenvironment for tissue
repair [54]. Research indicates that both standalone nanogels and those integrated with
scaffolds significantly enhance the healing of chronic wounds and critical-sized bone
fractures [9]. Moreover, cross-linked nanogels employed in innovative scaffold designs
have been shown to induce bone growth, further illustrating the substantial potential of
nanogels in tissue engineering and regenerative medicine [55]. Owing to their versatility,
nanogels are promising tools for advancing therapeutic strategies in drug- delivery, tis-
sue repair and regeneration [56, 57]. Overall, the cluster reflects an emerging paradigm
in which nanogels act as modular bioactive units within scaffold systems, driving inte-
grated therapeutic strategies in drug delivery, tissue repair, and regenerative medicine.
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Cluster 5 focused on temperature- and pH-responsive nanogels, with primary key-
words including polymers, temperature, and hydrogen-ion concentration. Stimulus-
responsive polymers are materials that exhibit dramatic changes in performance in
response to slight or moderate environmental changes, such as changes in temperature,
light, salt concentration, or pH [58]. These nanogels demonstrate excellent responsive-
ness in smart materials because of their reversible swelling or shrinking behaviors at
specific temperatures or pH values [59]. Poly(N-isopropylacrylamide) (pNIPAAm) have
enabled precise control over nanogels swelling kinetics, thereby supporting innova-
tions in on-demand drug release, intracellular delivery, and microenvironment-triggered
therapies [60-63], and its combination with nanoparticles has potential applications in
smart drug delivery systems [64]. This cluster’s prominence indicates that researchers
are increasingly leveraging environmental cues such as local acidity or body-tempera-
ture fluctuations to achieve spatiotemporally controlled therapeutic action. Cluster anal-
ysis provides a clear and rapid understanding of the diverse applications and potential of
nanogels across various fields, guiding future research directions.

The overlay map and the shift of top 100 high frequency keywords revealed that early
research focused primarily on the fundamental physicochemical properties of nanogels,
the development of synthesis techniques, and their stability [3, 65, 66]. This founda-
tional research established the basis for nanogels technology and facilitated the explora-
tion of its applications. As the field matured, the temporal shift of keywords highlights
the emergence of more functionally sophisticated systems. Self-healing nanogels have
gained prominence due to their intrinsic plasticity and autonomous repair capability,
enabling robust performance in tissue engineering and controlled drug-delivery con-
text [67]. Additionally, some newly synthesized nanogels have demonstrated excellent
antioxidant and antibacterial properties [68], and can be used for pathogen detection
and antibacterial treatments [69, 70], offering new perspectives for sterile treatments
of infectious diseases. The emergence of these novel nanogels has elevated the field to
greater complexity and broader applications. This trend not only reflects advancements
in technology but also highlights potential future opportunities and challenges in nano-
gel applications. This provides researchers with new directions and ideas for future
investigations.

5 Conclusion

This study provided a comprehensive bibliometric analysis of nanogels research from
2000 to 2024, revealing rapid growth in publication output. Collaboration networks
among countries, institutions, and authors have accelerated research progress. High-
impact publications have focused on nanogels mechanisms and functional design,
supporting applications in drug delivery, environmental remediation, smart materials,
and biomedicine. Future research should focus on enhancing nanogel stability, biode-
gradability, and responsiveness under complex physiological and environmental condi-
tions to facilitate clinical and industrial translation. International strategic agendas in
advanced materials and emerging biomedical technologies increasingly highlight nano-
gels for precision therapeutics and sustainable innovation, suggesting broader social
relevance of nanogels. The bibliometric analysis will improve the ability to identify
emerging hotspots and guide evidence-based development of next-generation nanogels
technologies.
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6 Limitations

This study also has certain limitations. First, the data were sourced purely from the
SCI-E database of the WoSCC, and a small number of publications may have been over-
looked. Second, the publication selection was restricted to English language and article
type publications, potentially introducing selection bias. Thirdly, citations included self-
citations, they might introduce a self-citation effect. Finally, in the analysis of institutions
and authors, irregularities in author affiliations might lead to discrepancies in identifying
authors and institutions.
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