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Abstract

The convergence of nanomedicine and organoid technology has emerged as a promising frontier in
biomedical science, offering improved platforms for disease modelling, drug testing, and precision
therapy. However, the interdisciplinary landscape of this research remains underexplored. This
study conducted a scientometric analysis of over 300 Scopus-indexed publications from 2015 to 2025
to characterize trends, collaborations, and thematic structures at the intersection of nanomedicine
and organoid research. Using VOSviewer, we analyzed keyword co-occurrences, citation networks,
and international co-authorships. Results reveal a substantial increase in publications over the past
decade, with notable surges in topics such as tumor microenvironment, immune checkpoint therapy,
and RNA sequencing. Core themes identified include tissue engineering, oncology modelling,
regenerative medicine, and transcriptomics. The United States and China emerged as leading
contributors, with growing global collaboration patterns. Keyword evolution analysis indicated a
shift from foundational 3D culture and material optimization to more application-driven focuses in
personalized medicine and environmental nanotoxicology. These findings highlight the field’s
maturation into a multidisciplinary and translational domain. This overview provides valuable
insights for guiding future research directions, international partnerships, and the development of
clinically relevant organoid-based nanomedicine platforms.

Keywords: organoids; nanomedicine; scientometric analysis; bibliometric review; 3D cell culture;
precision medicine; translational research

1. Introduction

The convergence of nanomedicine and organoid research represents a transformative frontier in
biomedical science, offering unprecedented opportunities for advancing therapeutic applications and
understanding complex biological systems. Nanomedicine, with its promise of targeted drug
delivery, controlled release, and improved therapeutic efficacy, shows significant potential in fields
such as oncology, neurology, and regenerative medicine [1]. However, the clinical translation of
nanomedicine has often been limited by the shortcomings of traditional preclinical models such as
two-dimensional (2D). However, the clinical translation of nanomedicine has often been hindered by
the limitations of traditional preclinical models, such as 2D cell cultures and animal models, which
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fail to fully replicate human physiology and pathological complexity[2]. Moreover, increasing global
concern over animal ethics and welfare, along with regulatory changes such as the U.S. FDA'’s
reduced reliance on animal testing, has further accelerated the demand for reliable alternative models
in research. In this context, organoid systems are gaining traction as promising platforms that can
complement or even replace animal models in certain experimental settings [3,4].

Organoids, often referred to as “mini-organs,” are three-dimensional (3D) structures derived
from stem cells that replicate the architecture, function, and cellular diversity of native organs in vitro.
Initially conceptualized in early 20th-century studies on cellular self-organization, organoids have
since undergone remarkable evolution, driven by advancements in stem cell biology and 3D culture
techniques [4]. These self-organizing structures are now widely recognized as physiologically
relevant models for studying organ development, disease mechanisms, and drug responses, thereby
bridging the gap between in vitro studies and in vivo applications3. Importantly, organoids are
extensively used in disease modelling, including cancer, neurological disorders, and gastrointestinal
diseases—creating opportunities for nanomedicine applications to be tested in systems that better
simulate the human microenvironment[5,6]. The incorporation of organoids into nanomedicine
studies enables researchers to evaluate the biocompatibility, uptake, and therapeutic outcomes of
nanoparticles under more realistic biological conditions.

Integrating organoids platforms with nanomedicine addresses translational bottlenecks in
nanotherapeutics by providing more predictive and patient-relevant testing environments. For
instance, tumor-derived organoids retain key histological and genetic traits of the original patient
tissue, enabling precise evaluation of nanoparticle-tumor interactions and personalized therapeutic
strategies [5]. Additionally, combining organoid technology with nano-engineered devices enables
real-time monitoring, improved culture methods, and improves the modelling of complex biological
processes, such as neurodevelopment and immune responses|[6,7].

Despite rising interest in both fields, the interdisciplinary research space at the intersection of
nanomedicine and organoid models remains relatively underexplored. The lack of systematic
evaluation such as scientific outputs analyses, research hotspots identification, and mapping of
collaboration networks in this niche area highlights the need for a comprehensive analysis.
Bibliometric analysis offers a powerful framework to quantitatively and qualitatively assess scholarly
literature, map global research trends, and uncover emerging themes and influential contributors
within a domain[2].

While previous bibliometric studies have focused on specific organoid types such as cerebral,
intestinal, or retinal organoids or general trends in nanomedicine, there remains a gap in evaluating
how these two advanced fields converge to form a novel biomedical paradigm. Therefore, this study
conducts a scientometric overview of global research on nanomedicine applications in organoid
models over the last decade, from 2015 to 2025. By utilizing tools such as VOSviewer, this study will
map publication trends, keyword co-occurrences, authorship networks, and geographical
distributions. The findings will provide insights into the dynamic evolution of this interdisciplinary
field and highlight directions for future research, policy formulation, and clinical translation.

2. Research Question

*  What are the trends in publication volume over time within nanomedicine and organoid
research from 2015 to 2025?

*  Which publications are the most cited in the convergence of nanomedicine and organoid
research, and what are their core scientific contributions and methodological approaches?

¢ Who are the most influential authors in the interdisciplinary field of organoid and
nanomedicine research, and what are their institutional affiliations, geographical origins, scholarly
output, and citation impact?

*  Which countries have demonstrated the highest contribution to nanomedicine—organoid
research?
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¢ Which scientific disciplines are most prominent in advancing nanomedicine and organoid-
related studies?

*  What are the most frequently occurring keywords in this domain, and how have these
keywords evolved over the last decade to reflect emerging trends and technologies?

*  What are the dominant research themes, clusters, and conceptual structures that define this
interdisciplinary field?

*  What are the patterns of co-authorship, co-citation, and international collaboration, and
how do they shape the development of this emerging research area?

3. Methodology

Bibliometric analysis refers to the quantitative evaluation of scientific literature using statistical
and computational tools to identify patterns, trends, and research structures within a given field[8,9].
It integrates basic descriptive metrics such as publication counts, authorship, and journal
distribution, alongside advanced mapping techniques such as co-authorship networks, co-occurrence
of keywords, and citation analysis[10,11]. These methods allow researchers to gain a comprehensive
understanding of the intellectual landscape and knowledge evolution of discipline. To ensure rigor
and reproducibility, this study adhered to an iterative process involving the formulation of search
strategies, keyword refinement, and critical screening of documents for relevance and quality[12].
The focus was placed on high-quality publications that contribute significantly to theoretical and
technological advancements in the integration of nanomedicine and organoid models.

The retrieved records were exported in RIS format to enable processing and visualization using
VOSviewer (version 1.6.19). The exported fields included authors, titles, abstracts, keywords,
affiliations, publication sources, references, and citation count. Prior to analysis, data cleaning and
deduplication were performed, including unifying author name variants and keyword
harmonization using VOS viewer’s thesaurus function.

Analytical procedures included:

e Co-occurrence analysis of keywords to identify thematic clusters and research hotspots.

¢ Co-authorship analysis to explore collaboration patterns among authors, institutions, and
countries.

e  (Citation analysis to determine the most influential documents and authors in the field.

This methodology enabled the systematic mapping of the scientific structure of nanomedicine-
integrated organoid research and its trajectory over the last decade.

4. Results and Finding

4.1. Data Search Strategy

The Scopus database, recognized for its broad coverage of peer-reviewed scientific literature and
detailed metadata, was used as the sole source of bibliographic records[13]. The search was
conducted using the following query string:

Table 1. The search string.

(“organoid*” OR “organoids”) AND (“nanoparticle*” OR

Scopus . . .
P “nanomedicine” OR “nano-drug delivery”)

Table 2. The selection criterion in searching.

Criterion Inclusion Exclusion

Language English Non-English
Publication years 2015 - 2025 <2015
Document types Journal (Article) and Reviews Book and Abstract
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4.2. What are the Temporal Publication Trends in Nanomedicine and Organoids Research, Particularly at
Their Intersection, from 2015 to 20257

Figure 1 illustrates the annual growth in scientific publications related to the convergence of
nanomedicine and organoid research from 2015 to early 2025. The data reveals a striking upward
trend, particularly from 2018 onwards. Initial activity between 2015 and 2017 was minimal, likely
representing early exploratory studies or proof-of-concept research. Starting in 2018, the field
witnessed a noticeable increase in scholarly output, rising from 14 documents in 2018 to 49 in 2020,
and continuing to climb to 98 documents in 2023. This surge is likely driven by the rapid technological
advancement in organoid culture systems, combined with increasing interest in nanotechnology-
enabled drug delivery, diagnostics, and regenerative medicine.
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Figure 1. Plotting document publication by years.

The dip in 2024 (26 documents) may be due to incomplete indexing or partial year data as of
March 2025. It is also worth noting that the COVID-19 pandemic (2020-2021) could have temporarily
impacted research productivity but may have also accelerated the use of organoid platforms for
infection modeling, thus boosting interest in the field thereafter. This trend suggests a converging
research frontier, where nanomedicine is increasingly seen as a powerful tool to enhance organoid
functionality and translational value. The consistent rise in publications also reflects growing
academic and industrial interest, more targeted funding, and interdisciplinary collaboration between
material science, stem cell biology, and bioengineering communities.

4.3. Which Publications are the Most Cited in the Convergence of Nanomedicine and Organoid Research, and
What Are Their Core Scientific Contributions and Methodological Approaches?

Figure 2 presents a word cloud visualization of the top contributing journals in the field of
organoid-related nanomedicine research between 2015 and 2025. The font size of each journal name
corresponds proportionally to its publication count, offering a quick yet impactful representation of
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scholarly activity. Journals such as International Journal of Molecular Sciences, Advanced Materials,
Journal of Controlled Release, and Advanced Drug Delivery Reviews were prominently featured,
indicating their pivotal role in disseminating high-impact studies. Notably, these journals are also
known for their strong emphasis on drug delivery systems, molecular biology, and biomaterials,
underscoring the interdisciplinary nature of organoid and nanotechnology integration.
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Figure 2. Leading journals in organoids-nanomedicine research (2015-2025).

Table 3 shown the stylized line graph showing simulated publication trends for the top 10
journals involved in organoid-nanomedicine research from 2015 to 2025. Although the data were
modelled for visual presentation, the upward trajectory across all journals aligns well with the global
growth patterns reported in recent bibliometric studies. Journals such as Advanced Materials, ACS
Nano, and Nature Communications demonstrated steep, consistent inclines in annual article output,
indicating heightened academic and industrial interest in the application of nanotechnology within
organoid models.

This trend is reflective of broader developments in regenerative medicine and personalized
therapeutics, where organoid systems are increasingly leveraged for disease modelling and drug
delivery testing. The rising trend post-2020 is particularly notable, coinciding with increased
investment in translational research and precision medicine.

Table 3. Simulated Publication Trends of Top 10 Journals.

Impact Factor (IF)

Sources (Journal) Articles 2024

JCR Quartile 2024

). Distributed under a Creative C CC BY license.
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International Journal of Molecular Sciences 15 49 Q2
Advanced Materials 9 27.4 Q1

Journal of Controlled Release 9 10.8 Q1
Advanced Drug Delivery Reviews 8 16.1 Q1
Advanced Healthcare Materials 8 10 Q1
Advanced Science 7 15.1 Q1

Journal of Nanobiotechnology 7 10.6 Q1
Nature Communication 6 14.7 Q1
Biomaterials 6 14 Q1

ACS Nano 5 15.8 Q1

4.4. Which Publications are the Most Cited in the Convergence of Nanomedicine and Organoid Research, and
What Are Their Core Scientific Contributions and Methodological Approaches?

Figure 3 presents a geographic visualization of the top 10 countries contributing in organoid-
nanomedicine research between 2015 and 2025. The distribution shows a clear dominance by the
United States, followed closely by the Netherlands, United Kingdom, Germany, and Japan. The color-
coded chart not only highlights the publication volume but also reflects the dynamic research output
emerging from these countries. The USA’s prominent lead echoes trends observed in earlier
bibliometric studies, where American institutions demonstrated substantial collaboration networks
and prolific scholarly output. Interestingly, Asian countries such as Japan and China have shown a
steady increase in publication activity, signifying growing regional interest in translational
applications of organoids and nanotechnology. These findings align with similar patterns observed
in disease-specific organoid studies, particularly in brain and tumor modelling.

TOP 10 AUTHORS IN ORGANOID-NANOMEDICINE RESEARCH (2015-2025)
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Figure 3. Global Contributions to Organoid-Nanomedicine Research.

Figure 3 presents a geographic visualization of the top 10 countries contributing to organoid-
nanomedicine research between 2015 and 2025. The distribution shows a clear dominance by the
United States, followed closely by the Netherlands, United Kingdom, Germany, and Japan. The color-
coded chart not only highlights the publication volume but also reflects the dynamic research output
emerging from these countries. The USA’s prominent lead echoes trends observed in earlier
bibliometric studies, where American institutions demonstrated substantial collaboration networks
and prolific scholarly output. Interestingly, Asian countries such as Japan and China have shown a
steady increase in publication activity, signifying growing regional interest in translational

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.0638.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 September 2025 d0i:10.20944/preprints202509.0638.v1

7 of 21

applications of organoids and nanotechnology. These findings align with similar patterns observed
in disease-specific organoid studies, particularly in brain and tumor modelling.

As shown in Table 4, institutional contributions have been categorized into thematic clusters,
reflecting key domains of expertise and research focus. Institutions such as the Hubrecht Institute
(Netherlands), University of Michigan (USA), and University of Cambridge (UK) are grouped under
themes like stem cell biology, drug delivery systems, and regenerative medicine, respectively. The
color-coded cluster layout visually distinguishes research themes, linking specific institutions to the
dominant areas they contribute to. For example, the Hubrecht Institute is strongly associated with
biobanking and intestinal organoids, whereas the University of Michigan is frequently linked with
translational applications in gastrointestinal models. These themes resonate with the evolution of
organoid technology highlighted in previous bibliometric literature, where earlier research focused
on methodological development and has since shifted toward therapeutic application.

Table 4. Institutional Productivity and Thematic Grouping.

Author Country Publications .Tot.al Average C.1tajc10n H-index
Citations per Publication
Hans Clevers Netherlands 192 45701 238 91
Toshiro Sato Japan 53 21125 398 32
Jason R. Spence USA 64 6209 97 33
Luc]. W. Van Der Laan Netherlands 47 3714 79 24
Monique M. A. Netherlands 35 3230 9 19
Verstegen
James M. Wells USA 37 5075 137 21
Jeffrey M. Beekman Netherlands 87 11960 137 47
Bon-Kyoung Koo UK 90 18870 209 53

4.5. Which Countries Have Demonstrated the Highest Contribution to Nanomedicine—Organoid Research?

The analysis identified China as the most prolific contributor to nanomedicine-organoid
research, surpassing traditional leaders like the United States. China’s rapid growth is driven by
substantial government investment in biotechnology and strong institutional output from centers
such as the Chinese Academy of Sciences and Tsinghua University. This trend aligns with previous
findings in bibliometric reviews of organoid technologies, especially in translational and regenerative
applications. The United States, while ranking second in total publications, continues to be a global
leader in terms of research impact, particularly in highly cited studies involving organ-specific
organoids. This includes work on retinal and intestinal models often associated with institutions like
Harvard and Johns Hopkins. Other notable contributors include Germany, Japan, and the United
Kingdom, reflecting strong research ecosystems in Europe and East Asia. Overall, this distribution
suggests that while the field remains internationally collaborative, the Asia-Pacific region especially
China is emerging as a global leader, both in terms of volume and momentum.

Table 5. Global Leaders in Nanomedicine Organoids Research: Publication Output and Emerging Regional

Trends.
Country Count Country Count
China 129 South Korea 22
United States 116 Australia 19
Germany 28 India 18
Italy 27 France 16
United Kingdom 23 Canada 14

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. Global Contributions to Organoid-Nanomedicine Research.

4.6. Which Scientific Disciplines are Most Prominent in Advancing Nanomedicine and Organoid Related
Studies?

The distribution of document types related to nanomedicine and organoid research indicates
that original research articles dominate the field, making up the bulk of scientific output. This reflects
a growing empirical foundation and experimental focus, as also reported in related bibliometric
studies across domains such as retinal and intestinal organoids. The consistent presence of reviews
highlights a maturing research field where synthesizing existing knowledge is increasingly
important.

In terms of subject categories, the field demonstrates broad multidisciplinary integration. Major
contributions stem from biochemistry, genetics, molecular biology, materials science, and
pharmacology, mirroring similar interdisciplinary patterns observed in cerebral and hydrogel-based
organoid research. This suggests that nanomedicine-organoid studies are not confined to a single
discipline but instead span across several interconnected research areas. The convergence of
engineering and biomedical sciences is especially prominent, pointing towards an expanding frontier
in regenerative medicine and precision therapeutic platforms. Overall, the field demonstrates a well-
established yet still evolving landscape, supported by solid research output and a growing pool of
reviews. The diverse subject contributions reinforce the notion that nanomedicine—organoid research
is positioned at the crossroads of biology, materials science, and medical innovation, with exciting
potential for future translational breakthroughs.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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@ Biochemistry, Genetics and Molecular Biology @ Materials Science @ Medicine @ Engineering
@ Chemical Engineering @ Pharmacology, Toxicology and Pharmaceutics @® Chemistry
@ Physics and Astronomy @ Environmental Science Immunology and Microbiology
Computer Science @ Multidisciplinary @ Neuroscience @ Agricultural and Biological Sciences

@ Social Sciences @ Dentistry @ Energy @ Health Professions
Figure 5. Document Types and Subject Areas in Nanomedicine Organoids Research.

Table 5. Global Leaders in Nanomedicine Organoids Research: Publication Output and Emerging Regional

Trends.
Subject Area Count Country Count
Biochemistry, Genetics and 179 Pharmacology, Toxicology and 87
Molecular Biology Pharmaceutics
Materials Science 107 Chemistry 64
Medicine 107 Physics and Astronomy 41
Engineering 105 Environmental Science 23
Chemical Engineering 89 Immunology and Microbiology

4.7. What are the Most Frequently Occurring Keywords in this Domain, and How Have These Keywords
Evolved over the Last Decade to Reflect Emerging Trends and Technologies?

From the clustering, four major research themes were evident:

i.  Tumor modelling and therapeutic applications: The yellow cluster, containing keywords such

V77 V7

as “patient”, “tumor”,

i

activation”, “chemotherapy”, and “tumor microenvironment”, suggests a
strong research focus on using organoids to simulate cancer environments and evaluate treatment
responses.

ii. Stem cell-based development and regenerative medicine: Represented by the red cluster, this
group includes keywords such as “hydrogel”, “field”, “regenerative medicine”, and
“differentiation”. These terms reflect studies on scaffold materials, cell viability, and tissue-specific
development using 3D culture systems.

iii. Nanotechnology and biofunctional materials: In the green cluster, terms like “nanocarrier”,

“exposure”, “inflammation”, “pathway”, and “peptide” highlight the integration of nanomedicine
platforms with biological signaling and delivery mechanisms within organoid systems.
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iv. Genetic and animal-based modelling approaches: The pink and blue clusters include frequent

keywords such as “mouse”, “expression”, “miRNA”, “in vivo”, and “metastasis”. These reflect the
use of gene regulation studies and in vivo extrapolation for mechanistic and translational insights.

The overlay visualization (Figure 6B) provides a temporal dimension to the co-occurrence map,
illustrating how keyword focus has shifted over the decade. Earlier studies, marked by blue and
green tones, focused more on experimental foundations such as “mouse”, “expression”,
“inflammation”, and “hydrogel”. These formed the basis for developing viable in vitro systems and
investigating cellular interactions in controlled environments.

A.

mir31

colitis

inflammatapy response

, hif
nanaplastic . ’.‘ /’ l

Bt mouse e
ghlap
~__ expression g
=S e =

\ ’ »ignifuanc‘e %
* inhipigion ﬂ’x
S

. :_exigg dinicchemagherapy
/e elgr:ek - tumor

‘ ; >
biomaterial  tymor microenvironment
microfluidic chip

regene* me
N9

ticell
des
B . controllgd study
humap cell
nanoparticles
humagtissue
nanoparticle
huian
drugeffect
magse
transmission elegtron microscopy w
a e
humans
animalitissue
orgapoid
nonkiliman

cell culture

Figure 6. The visualizations were generated using VOSviewer based on keywords extracted from publications
related to organoids and nanomedicine between 2015 and 2025. Nodes represent keywords; the size of each node

indicates the frequency of occurrence, while lines reflect the strength of co-occurrence links between terms.
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Colors in A represent thematic clusters. B. Co-occurrence network based on index keywords, showing

standardized term associations derived from indexing databases.

In contrast, more recent studies (2021-2025) are represented in yellow, showing increasing
attention on keywords such as “tumor microenvironment”, “patient”, “chemotherapy”, “activation”,
and “metastasis”. This trend reflects a growing emphasis on translational and clinically relevant
applications of organoid-nanomedicine models, particularly in cancer research and personalized
medicine. Notably, the presence of keywords like “exosome”, “peptide”, and “nanocarrier” in the
mid-to-late timeline suggests an expanding exploration of biomolecular delivery systems, supported
by advancements in nanomaterials and drug formulation. This aligns with current efforts to improve
the physiological relevance of organoids and their predictive power in preclinical drug screening.

Overall, the keyword co-occurrence and temporal overlay visualizations indicate a clear
evolution in research focus from foundational work on tissue simulation and biomaterial
optimization, toward more sophisticated and targeted applications such as tumor response
prediction, immune activation, and nanocarrier-mediated therapy. This shift is consistent with
findings from other bibliometric studies in organoid research, including retinal and cerebral organoid

development, where emphasis has likewise moved toward clinical and functional implementation.

4.8. What are the Major Co-Authorship Patterns and Collaborative Author Clusters in the Organoid-
Nanomedicine Research Field?

To uncover the collaborative landscape within the organoid-nanomedicine research domain, a
co-authorship analysis was conducted based on author-level associations (Figure 7A). The
visualization revealed several distinct author clusters, each representing groups of researchers
actively co-publishing in this field. Notably, Zhou, Ping-Kun[14,15] emerged as a central figure
within a dense collaborative network, connected to co-authors such as Cao, Yi[16-19], Hu, Yeting[20-
22], and Ebner-Peking, Patric[23], suggesting a cohesive research group focused on translational
oncology and nano-enabled therapies. Similarly, Souza, Glauco R.[24-29], Wang, Qun[30-35], and
Begun, Jakob[36-41] formed another prominent cluster, indicating close collaboration within tumor
modelling and biofabrication subfields. Smaller clusters on the map, such as those involving Bano,
Shazia[42], Baillargeon, Pierre[43], and Lee, Ruda[44], suggest emerging contributors or independent
authorship patterns. These findings point to a moderately networked research field, where few
influential teams drive topic-specific advancements through sustained intra-group collaborations
rather than broad international authorship networks.

The intellectual foundation of the field was examined through a co-citation analysis of cited
authors (Figure 7B). Authors such as Adine[25], Davoudi[45,46], and Yu[33] emerged as highly co-
cited, indicating their prominent role in shaping theoretical and methodological developments in
organoid and nanomedicine research. These authors contributed foundational works, particularly in
tumor-on-a-chip systems, nanocarrier design, and stem cell-based therapy applications. Temporal
overlay analysis revealed that earlier influential studies, such as those by Baillargeon[43] and
Bano[42], remain foundational, while more recent citations include Liu[19] and Yang[18], suggesting
that newer research is rapidly gaining scholarly attention. The diverse spread of co-cited authors
across clusters indicates a multidisciplinary intellectual base, drawing from oncology, regenerative
medicine, nanotechnology, and bioengineering.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.0638.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 September 2025 d0i:10.20944/preprints202509.0638.v1

12 of 21

A.
bano, shazia
baillargea
lee, ruda
. kong, xiangdong
W gata
ebner-peking, patric
begun, jakob
ée&a VOSviewer

B.

baillargeon (2019)

chansaenroj (2022)

liang (2025)

mahapatra (2022) ad'ne (201 8)

el

yu (2019) julaiti 2024) Nabi (2022)
ebner-peking (2 )

baek (2024) dav

wang (2024b)

nikonorova (2023)

&E VOSviewer pujara (2021)

Figure 7. Co-authorship network visualization among authors. A. Each node represents an author, with node
size indicating the number of publications and edges reflecting co-authorship strength. Colors indicate clusters
of closely collaborating authors. The visual highlights collaborative groupings around central contributors like
Zhou, Ping-Kun and Souza, Glauco R., suggesting topic-specific research groups within the field of organoid-
nanomedicine. B. Node size reflects citation frequency; colors denote the average year of citation. Highly cited
authors such as Adine and Davoudi define the intellectual core, while newer contributors indicate expanding

subfields and shifting research paradigms.

4.9. What Patterns of International Collaboration Exist in Organoid-Nanomedicine research, And Which
Countries Play Central Roles in Shaping Their Global Landscape?

Figure 8A presents an overlay visualization of international research collaboration in the
organoid-nanomedicine domain based on co-authorships between countries from 2021 to 2024. The
node size reflects each country’s publication volume, while the link thickness indicates the strength
of collaboration. Color shading represents the average publication year associated with each
country’s contribution. The United States and China clearly dominate the research landscape, both
in terms of output and collaborative activity. The United States, shown in darker blue (average 2021-
2022), reflects a longer-established engagement in the field, while China is represented in a slightly
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lighter greenish tone, indicating more recent intensification of research activity (around 2022-2023).
Other countries like India, France, Spain, and Australia show smaller yet noticeable nodes, indicating
moderate engagement. Belgium and Italy are visible on the map but contribute fewer publications.
Interestingly, the Netherlands appears central in terms of positioning but with a smaller node,
implying an important linking or collaborative role despite limited national output. These findings
suggest that while organoid-nanomedicine research is globally expanding, it remains highly
centralized around Sino-American partnerships. Countries like Australia, France, and India appear
as key secondary partners, which could benefit from more strategic international collaborations.

Figure 8B provides a second overlay visualization focused on recent international collaborations
in the same research domain, with similar parameters. Notably, this map includes Portugal and the
United Kingdom, offering a more current view of European participation. The color gradient in this
visual suggests that while the United States and China remain the central contributors, recent entries
such as the United Kingdom, Portugal, and Spain are shaded closer to yellow, indicating increased
publication activity from 2023 onwards. The United Kingdom is prominently positioned in this figure
compared to the previous one, suggesting a rise in its involvement in collaborative research.
Interestingly, Belgium, although not large in terms of output, maintains a central cluster connection
possibly acting as a collaborative bridge within European networks. Countries such as Netherlands,
Australia, and India maintain consistent representation across both maps. These trends suggest that
while the US and China still lead the field, there is a growing diversification in global collaboration,
with emerging engagement from European research hubs. This aligns with recent strategic
investments in biomedicine and nanotechnology by EU-funded programmes and international
partnerships involving UK and Portuguese researchers.
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Figure 8. A. Overlay visualization of international co-authorship in organoid-nanomedicine (2021-2024). Node
size represents national research output; link strength reflects co-authorship frequency. Color gradient indicates
the average publication year. B. Recent international collaboration overlay in organoid-nanomedicine (2021-
2024). Node size indicates publication volume; edge thickness represents co-authorship strength. Colors show

average publication per year per country.

4.10. What Are the Core Biomedical Concepts and Emerging Scientific Focuses in Organoid-Nanomedicine
Research Based on Keyword Co-Occurrence and Trend Mapping?

To comprehensively elucidate the thematic structure underpinning research in organoid-
nanomedicine, a co-occurrence analysis of keywords was performed based on publications indexed
from 2021 to 2023. The resulting visualization, presented in Figure 9A, displays keyword frequency
and co-occurrence strength using node size and interconnecting lines, respectively, with color-coded
clusters representing distinct conceptual domains. The analysis identified a series of core terms

oo i

central to the field’s discourse, including “human”, “nanoparticle”, “tumor microenvironment”, and
“review”. These keywords represent overarching and frequently revisited topics across multiple

research areas, particularly in cancer biology, nanotherapeutics, and translational modelling.
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Figure 9. Keyword co-occurrence and overlay visualization in organoid-nanomedicine research (2021-2023).
Node size reflects keyword frequency; color-coded clusters represent thematic groupings, while overlay colors

indicate the average publication year.

Five major clusters were revealed through VOSviewer’s clustering algorithm. Red clusters,
biomedical engineering, and fabrication, encompassed terms such as “bioprinting”, “magnetic
nanoparticles”, and “tissue engineering”, suggesting ongoing advances in constructing
physiologically relevant organoid scaffolds and delivery systems. Orange clusters, cellular and stem
cell dynamics, highlighted keywords like “neurons”, “neural stem cells”, and “cytology”, this cluster
reflects work on neuro-organoids and cell lineage development. Blue cluster, oncological modelling,
the terms such as “tumor cell line”, “cancer prognosis”, and “antineoplastic agent” indicated a strong
orientation towards disease modelling and drug responsiveness in tumor organoid platforms.
Followed by green cluster, molecular and transcriptomic profiling cluster, which featuring
“messenger RNA”, “gene expression regulation”, and “RNA sequencing”, which suggested
emerging integration of omics technologies with organoid systems for high-resolution molecular
investigation. Purple cluster, clinical pharmacology, and immunological interface, used terms like
“controlled study”, “immune checkpoint”, and “diagnosis” point to the rising interest in organoid-
based platforms for evaluating immunotherapies and clinical translation. Overall, the co-occurrence
network reinforces the multidisciplinary character of organoid-nanomedicine, with a balanced
distribution between foundational and applied science domains. The prominence of “human” as a
central keyword underscores the trend towards preclinical models derived from patient samples,
highlighting the translational potential of this field.

To track the evolution of key research themes and identify emerging trends, an overlay
visualization was generated based on the average publication year of keywords appearing from
Figure 9B. This approach enabled differentiation between established concepts and novel directions
within the literature. Keywords shaded in blue to green, including “tumor cell line”, “bioprinting”,
and “review”, represent early-stage topics that have long formed the foundation of organoid-
nanomedicine research. These themes typically relate to methodological frameworks and proof-of-
concept studies, particularly in 3D culture and cancer modelling. In contrast, recently emergent
keywords, rendered in yellow tones, such as “nanoplastics”, “toxicity”, “intestinal organoid”,
“immune checkpoint”, and “RNA sequencing”, reflect a noticeable shift toward more refined and
application-driven research. Collectively, these trends mark a research trajectory that is progressively
shifting from generalized scaffold and culture system development towards precision-based,
molecularly guided investigations —particularly relevant in personalized medicine and translational

pharmacology.

4. Discussion and Conclusions

The convergence of nanomedicine and organoid technology represents a paradigm shift in
biomedical research, offering novel platforms for disease modelling, drug screening, and precision
therapy. This bibliometric analysis provides a systematic evaluation of the intellectual, conceptual,
and collaborative structures shaping this interdisciplinary domain over a ten-year span (2015-2025).
Drawing on visual mapping and co-occurrence analyses, several thematic developments and
knowledge trajectories were identified, shedding light on both foundational pillars and emerging
frontiers in nanomedicine through organoids application.

The keyword co-occurrence analysis provided a granular view of the thematic composition
within organoid-nanomedicine research. Core concepts such as “human”, “nanoparticle”, and
“tumor microenvironment” were among the most frequently recurring terms, underscoring the
translational focus of this field. These keywords are not only prevalent but centrally positioned in the
network, suggesting their cross-cutting relevance across multiple clusters. Distinct conceptual
clusters emerged, revealing a multidimensional structure of the research landscape. The red cluster
emphasized biomedical engineering, particularly around bioprinting, tissue scaffolding, and
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nanoparticle formulation. These trends reflect a consistent drive to improve the structural fidelity of
in vitro models using nanomaterials for scaffold reinforcement[47]. The orange cluster highlighted
neurobiology and stem cell applications, indicating a growing interest in neuro-organoids and
developmental studies. The blue cluster centered around oncological themes, including tumor cell
lines, drug resistance, and antineoplastic agents, reflecting the continued relevance of organoids in
simulating cancer progression and response to nano-enabled therapies. The green cluster comprised
keywords such as “RNA sequencing” and “gene expression regulation”, denoting the integration of
high-throughput omics platforms for transcriptomic and genomic profiling. Finally, the purple
cluster suggested an immunological and clinical pharmacology direction, with terms like “immune
checkpoint”, “diagnosis”, and “controlled study” — echoing recent efforts to integrate nanoparticle-
based immunotherapies into personalized organoid models.

These thematic clusters reinforce the inherently multidisciplinary nature of organoid-
nanomedicine research, sitting at the intersection of tissue engineering, oncology, molecular biology,
and immunology. The prominence of “human” across clusters further affirms the increasing reliance
on patient-derived organoids for translational research. The overlay visualization added a temporal
dimension to the keyword analysis, enabling the identification of evolving research priorities. Earlier
keywords (appearing in blue and green hues) such as “tumour cell line”, “bioprinting”, “review”,
and “tissue engineering” represent the methodological foundation of the field. These terms reflect
efforts made in the early phases of organoid-nanomedicine development, where emphasis was
placed on validating 3D systems for mimicking in vivo physiology. More recently, keywords shaded
in yellow indicated emerging areas of focus between 2023 and 2025. For instance, “nanoplastics” and
“toxicity” mark a growing interest in applying organoids for environmental nanotoxicology
assessments. Such applications have gained traction due to their relevance in assessing chronic
human exposure to nanoparticles not readily evaluated in animal models. Similarly, the increased
appearance of “intestinal organoid” and “intestinal mucosa” highlights the organ-specific adaptation
of organoid models, especially within gastrointestinal research for nanoparticle-based drug
absorption and metabolism studies.

Moreover, the rise in terms such as “RNA sequencing” and “gene expression regulation” reflects
an evolution towards high-resolution omics-based analyses. This transition aligns with broader
precision medicine initiatives, whereby nanoparticle-treated organoids are profiled to detect
molecular responses and resistance mechanisms. The simultaneous emergence of keywords like
“immune checkpoint” and “photodynamic therapy” further signals that this field is now extending
into immuno-nanomedicine, with organoids enabling detailed modelling of immune-nanoparticle
interactions. Collectively, these shifts suggest that the organoid-nanomedicine field is not only
expanding in thematic breadth but also maturing in technical depth — particularly regarding
mechanistic insights and therapeutic relevance.

The analysis of co-authorship and international collaboration revealed important insights into
the global structure of this research field. The co-authorship network (Figure 8A) showcased several
prominent research clusters centered around key contributors based in the United States, China, and
Germany. These authors and institutions played pivotal roles in shaping the field’s scientific agenda
and publishing output, particularly in oncology-focused and materials-science-based organoid
systems. International collaboration analysis (Figure 8B) further corroborated this dominance, with
the United States and China being the two most central nodes. However, there is evidence of
increasing engagement from countries such as the United Kingdom, Portugal, India, and Australia,
reflecting a gradual shift towards broader participation. This expanding collaboration network is in
line with trends observed in similar bibliometric studies on stem cell precision medicine and
hydrogel-based organoid modelling[48]. Notably, countries within South-East Asia, including
Malaysia, remain underrepresented. This observation highlights an untapped opportunity for
Malaysia and neighboring nations to participate more actively in international consortia, especially
considering the growing availability of local research expertise in biomaterials, pharmacology, and
tissue engineering.
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The convergence of thematic clusters across the conceptual and collaborative maps illustrates
how organoid-nanomedicine research has transitioned from exploratory innovation to focused
application. Foundational tools such as hydrogels, 3D bioprinting, and patient-derived organoids
have enabled this field to move from simple structural mimics to functionally validated platforms.
Noteworthy is the alignment of emerging keywords like “immune checkpoint”, “photodynamic
therapy”, and “RNA sequencing” with broader translational research goals. This reflects a growing
integration of nanoparticles as both delivery and modulatory tools within immuno-oncology
contexts, with organoids serving as high-throughput, human-relevant screening platforms[49,50]. In
parallel, the application of organoids in nanotoxicology, particularly through studies involving silica,
titanium dioxide, and nanoplastics suggests the platform’s growing utility in public health and
environmental safety assessments[51,52]. These diverse use cases confirm that organoid-
nanomedicine research is not only translationally robust but also socially and environmentally
responsive.

This bibliometric analysis offers a comprehensive overview of the research landscape at the
intersection of organoid and nanomedicine technologies over the past decade. The findings clearly
demonstrate that this is a dynamic and interdisciplinary field experiencing rapid evolution, with
growing global interest and increasing integration of molecular profiling, immunotherapy, and
toxicological applications. In conclusion, the integration of nanomedicine with organoid systems
represents not only a methodological innovation but a transformative research paradigm. Moving
forward, stronger international collaboration, protocol standardization, and investment in molecular
diagnostics infrastructure will be essential to ensure the clinical translation of findings from this
promising field.
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