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Background: Liposomes are widely used as nanocarriers for targeted drug delivery in cancer therapy, including hepatocellular
carcinoma (HCC). However, no comprehensive bibliometric study has systematically evaluated global research trends, major research
hotspots, and clinical translation progress in liposome-based therapy for HCC.

Methods: On September 29, 2025, we queried the Web of Science Core Collection for liposome and HCC publications. Using
CiteSpace and VOSviewer, we analyzed trends and emerging hotspots. Additionally, we retrieved clinical trial literature on liposome
therapy for HCC from the PubMed database and analyzed it to assess clinical progress in this field.

Results: A total of 1116 publications related to liposome-based therapy for liver cancer were identified over the past 35 years. China
ranked first in publication output, while the Chinese Academy of Sciences was the most productive institution. The International
Journal of Nanomedicine published the highest number of articles, and Zhang Bo was the most prolific author. Keyword co-occurrence
and citation analyses identified doxorubicin-loaded liposomes, apoptosis, pharmacokinetics, tumor microenvironment, metastasis, and
glycyrrhetinic acid-mediated targeting as major research hotspots. Recent studies increasingly focused on targeted nanocarrier design,
combination therapy strategies, and tumor-specific delivery systems. Clinical studies mainly investigated liposomal drugs combined
with radiofrequency ablation or ultrasound hyperthermia; however, advanced clinical translation remains limited.

Conclusion: This bibliometric analysis provides a comprehensive overview of global research activity in liposome-based therapy for
HCC. Although substantial progress has been achieved in preclinical nanomedicine research, the limited number of clinical studies
highlights a significant translational gap. Future research should prioritize improving targeting efficiency, biosafety, immune modula-
tion, and large-scale clinical applicability of liposomal delivery systems.
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Introduction
Hepatocellular carcinoma (HCC) ranks as the fifth most common malignancy worldwide and the second leading cause of
cancer-related mortality." In 2022, approximately 866,136 new cases and 758,725 deaths from HCC were reported
globally, yielding a mortality-to-incidence ratio of 0.86.> The incidence of HCC continues to rise, posing a substantial
economic and health burden worldwide.® Current treatment strategies, including surgery, ablation, chemotherapy, and
immunotherapy, remain suboptimal for many patients due to the pronounced molecular and cellular heterogeneity of
HCC.** Consequently, the progress of novel therapeutic approaches for HCC is urgently needed.

Liposomes are nanoparticle-based drug delivery systems with favorable physicochemical properties and biocompat-
ibility, several of which have been approved by the US Food and Drug Administration for clinical application.® They can
enhance drug loading capacity, improve targeting, and increase overall therapeutic efficacy. Previous studies have
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demonstrated the therapeutic potential of liposomes in knee osteoarthritis.” Moreover, liposomes have been widely
applied in the treatment of various cancers.® '® Numerous researches have demonstrated the potential of liposomes in the
diagnosis and treatment of HCC.'"'? For example, an RGD-modified liposomal platform was shown to enhance
radiotherapy sensitivity by remodeling extracellular matrix stiffness, alleviating hypoxia and immunosuppression within
the tumor microenvironment, and promoting immunogenic cell death, thereby offering a novel strategy for HCC
therapy."® In addition, a pH-responsive liposome modified with HepG2 cell membranes for systemic administration
significantly enhanced the in vivo antitumor efficacy of the encapsulated drug, further highlighting the promise of
liposome-based approaches in HCC treatment.'

Bibliometric analysis is a quantitative research approach that systematically evaluates publication patterns, collabora-
tion networks, citation relationships, and thematic evolution within a scientific field.'>"!7 Unlike traditional narrative or
systematic reviews, bibliometric methods enable large-scale visualization of knowledge structures and research dynamics
through citation-based analyses and network mapping tools such as CiteSpace'® and VOSviewer."” Previous bibliometric

studies have investigated emerging directions in HCC treatment, including exosomes,?’ nanomedicine,?’'

and photo-
dynamic therapy.*® However, bibliometric analyses focusing on liposomes in HCC remain scarce. Therefore, the present
study aimed to systematically analyze global publication trends, influential countries, institutions, authors, and journals,
as well as keyword evolution, research hotspots, and clinical translation patterns in liposome-based HCC research. By
quantitatively mapping the knowledge structure and developmental trajectory of this field, this study seeks to identify

emerging research directions and translational challenges that may inform future therapeutic development.

Methods

Sources of Data and Search Protocol

The literature search was conducted in the Web of Science Core Collection (WoSCC) database on September 29, 2025,
using the following indexes: Science Citation Index Expanded (SCI-EXPANDED), Emerging Sources Citation Index
(ESCI), and Social Sciences Citation Index (SSCI). In addition, PubMed was searched to identify relevant clinical trial
studies on liposome therapy for HCC. Detailed search strategies and keywords are provided in Supplementary File 1. The

Web of Science search was performed primarily using Topic Search (TS), including title, abstract, author keywords, and
Keywords Plus. Only English-language articles and reviews were included. Publications such as conference abstracts,
editorials, letters, non-English papers, duplicate records, and studies unrelated to liposomes or HCC were excluded.
Duplicate records were initially removed automatically using the WoSCC platform and reference management software,
followed by manual verification. Subsequently, two reviewers independently screened the titles, abstracts, and full texts
according to predefined inclusion and exclusion criteria. Any discrepancies were resolved through discussion and
consensus, with a third investigator consulted when necessary. A total of 1150 records were initially retrieved. After
screening according to the inclusion and exclusion criteria, 1116 publications were included for bibliometric analysis,
consisting of 954 original articles and 162 reviews. All records were downloaded in plain text format with full records
and cited references for subsequent analysis. In addition, five clinical trial studies related to liposome therapy for HCC
were retrieved from PubMed during the same time period and exported in PubMed format.

Overview of Software Tools and Their Respective Functions

Bibliometric analyses were performed using VOSviewer (version 1.6.20), CiteSpace (version 6.3.R1), Scimago Graphica
(version 1.0.45),® Microsoft Excel 2021, and Microsoft PowerPoint 2021.%* VOSviewer*> was used to construct and
visualize collaboration networks among countries/regions, institutions, authors, journals, and keywords. The association
strength normalization method was applied, and network maps were generated based on co-authorship, co-occurrence,
co-citation, and bibliographic coupling analyses. Minimum occurrence thresholds for keywords, authors, and institutions
were set according to the characteristics of each analysis. CiteSpace®® was used for reference co-citation analysis,
keyword burst detection, cluster analysis, and timeline visualization. The parameters were set as follows: time slicing
from 2000 to 2025, years per slice = 1, selection criteria based on the g-index (k = 25), and pruning methods including
Pathfinder and Pruning sliced networks. Cluster quality was evaluated using modularity Q and mean silhouette scores,
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Figure | (A) Workflow of the Literature Retrieval and Analysis. (B) Trends in Annual and Cumulative Publication Counts.

where Q > 0.3 and silhouette > 0.7 were considered indicative of significant and convincing clustering structures.
Scimago Graphica was employed to generate geographic distribution maps of publications across countries/regions.
Microsoft Excel 2021 was used to analyze and visualize annual publication trends. Microsoft PowerPoint 2021 was used
to create the study workflow diagram (Figure 1A). Descriptive statistical analysis was primarily applied in this study,
including publication counts, citation frequencies, H-index values, centrality measures, and keyword occurrence fre-
quencies. Through these analyses, emerging research hotspots and developmental trends in liposome-based therapies for
HCC were systematically identified.

Results

Analysis of Yearly Scholarly Publications

The first article on liposomes and HCC was published in 1990. From 1990 to September 29, 2025, a total of 1116
publications were retrieved, spanning 35 years. These included 954 research articles (85.48%) and 162 reviews (14.52%).
As illustrated in Figure 1B, the annual number of publications showed a fluctuating but gradual increase from 1990 to
2009, followed by exponential growth thereafter. Notably, three periods of rapid expansion were observed in 2009-2010,
2015-2016, and 20202021, suggesting the emergence of new research hotspots. Publication output peaked in 2023 with
87 articles, and nearly half of all retrieved studies were published in the past five years.

Examination of Institutional and Geographic Spread

A total of 1116 articles on liposomes and HCC were published by authors from 60 countries/regions, indicating a broad
but uneven global research distribution. China was the dominant contributor, with 582 publications, accounting for more
than half of the total output, and 15,390 citations. The United States ranked second, with 165 publications and 10,335
citations, followed by Japan with 85 publications and 2941 citations. Notably, among the top 10 most productive
countries, only China and the United States published more than 100 articles, suggesting that research productivity in this
field is highly concentrated in a few leading countries (Table 1).

The international collaboration network further showed that China, the United States, Japan, India, and Germany
occupied central positions, reflecting their active roles in global cooperation (Figure 2A). However, despite the broad
participation of 60 countries/regions, the overall collaboration structure remained relatively concentrated, with major
research links mainly formed among a limited number of scientifically productive countries (Figure 2B). The timeline
analysis suggested an evolution in geographical participation, with early contributions mainly from Japan, Germany, and
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Table | Top 10 Most Publication Countries/Regions Related to Liposomes and Hepatocellular Carcinoma

Rank | Country Articles | Freq=Articles/Total Articles | Citations | Average Article Citations
| China 582 52.2% 15,390 26.44
2 USA 165 14.8% 10,335 62.64
3 Japan 85 7.6% 2941 34.60
4 India 76 6.8% 1952 25.68
5 Egypt 37 3.3% 1031 27.86
6 South korea | 36 3.2% 1268 35.22
7 Saudi arabia | 34 3.0% 491 14.44
8 Germany 31 2.8% 1229 39.65
9 Italy 31 2.8% 1179 38.03
10 Taiwan 24 2.2% 735 30.63

Spain, followed by increasing involvement of emerging contributors such as Ghana, Thailand, and the United Arab
Emirates in recent years (Figure 2C). This pattern indicates that the field has gradually expanded from traditional
research centers to a more geographically diverse landscape, although high-impact output remains concentrated in
established research-intensive countries.

At the institutional level, 1358 institutions contributed to this field over the past 35 years. The Chinese Academy of
Sciences ranked first, with 32 publications, 1671 citations, and the highest total link strength, followed by Zhejiang
University with 26 publications and 744 citations. All of the top 10 most productive institutions were from China, further
supporting China’s leading role in liposome-related HCC research (Table 2). The institutional collaboration network
showed several major clusters, including both Chinese and international institutions such as Harvard University, Sichuan
University, China Medical University, and the University of Tokyo. Nevertheless, the collaboration pattern remained
relatively fragmented, suggesting that many institutions conducted research within regional or institution-centered
networks rather than through extensive international partnerships (Figure 3A). The timeline map also revealed a shift
from early contributors such as the University of Tokyo and Harvard University to more recent participants such as
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Figure 2 (A) Global Collaboration Network. (B) The clustering analysis of the Countries/regions. (C) The time-overlapping visualization of countries/regions collaboration.
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Table 2 Top 10 Most Publication Institutions Related to Liposomes and Hepatocellular Carcinoma

Rank | Institutions Country/ Documents | Citations | Average Article Total Link
Region Citations Strength

| Chinese acad sci China 32 1671 52.22 76

2 Zhejiang univ China 26 744 28.62 9

3 Sun yat sen univ China 25 836 33.44 36

4 Sichuan univ China 25 653 26.12 21

5 Huazhong univ sci and technol China 23 1058 46 31

6 Shanghai jiao tong univ China 23 384 16.70 27

7 Peking univ Univ China 22 1013 46.05 52

8 Fudan univ China 22 421 19.14 32

9 Second mil med univ China 18 712 39.56 29

10 Shenyang pharmaceut univ China 18 450 25 17

Shandong First Medical University and Tashkent State University, indicating the continuous entry of new institutions into
this field (Figure 3B).

Overall, these findings suggest that research on liposomes and HCC is characterized by strong geographical
concentration, China-centered institutional productivity, and gradually expanding but still fragmented collaboration
networks. Strengthening cross-national and inter-institutional collaboration may help improve methodological standardi-
zation, resource sharing, and clinical translation in future studies.

Financial Support

Figure 3C illustrates the major funding sources supporting research on liposomes and HCC. The National Natural
Science Foundation of China ranked first, supporting 330 projects in this field. The US Department of Health and Human
Services ranked second with 57 projects, followed closely by the US National Institutes of Health with 56 projects.
Together, these three agencies accounted for approximately 70.5% of total funding, underscoring their pivotal role in
advancing liposome-related HCC research.

Analysis of Scholarly Journals

A total of 1116 publications on liposomes and HCC were published across 427 journals. As displayed in Table 3, the
International Journal of Nanomedicine ranked first in publication volume, with 51 papers and 1722 citations. Of the top
10 most productive journals, eight belonged to the JCR QI category and two to the JCR Q2 category. In terms of
academic impact, the Journal of Controlled Release ranked first with 2044 citations, highlighting its leading influence in
the field of liposomes and HCC.

Figure 4A shows the clustering of journal publications on liposomes and HCC, generated using VOSviewer. A total
of 427 journals were divided into three major clusters, with the largest cluster (red) containing 101 journals, including the
International Journal of Nanomedicine. Figure 4B presents the timeline distribution of journal publications, highlighting
contributions from early journals such as Gene Therapy and World Journal of Gastroenterology to more recent high-
impact outlets such as Advanced Science.

As shown in Figure 4C, research on liposomes and HCC spans multiple disciplines. Medicine and health sciences
primarily emphasize clinical diagnosis, treatment, and health applications, with a focus on therapeutic efficacy, applicable
populations, and clinical practice. Molecular biology and immunology investigate the underlying mechanisms of
biological processes and immune responses, such as molecular interactions, signaling pathways, and their roles in
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disease progression. Mathematics and systems science contribute through modeling and data analysis of complex
biological systems, while chemistry and materials science play essential roles in the development of novel materials
and delivery platforms. This interdisciplinary integration provides a comprehensive foundation for advancing research in
the field and supports continuous scientific innovation. Figure 4D further shows the distribution of disciplinary categories
for publications. Pharmacology & Pharmacy ranked first, with 415 papers, followed by Science & Technology—Other
Topics (195 papers) and Chemistry (194 papers).

Evaluation of Authorial Collaboration Structures

Over the past 35 years, 6621 researchers have contributed to studies on liposomes and HCC, indicating broad academic
participation in this field. Zhang Bo was the most productive author, with 13 publications and an h-index of 10, followed
by Wu Jingliang and Gao Jie, each with 12 publications. Gao Jie had the highest citation count among the leading
authors, with 644 citations and an h-index of 12, suggesting relatively strong academic influence (Table 4). The author
collaboration network showed several major clusters, indicating that research activity was organized around multiple

collaborative groups rather than a single dominant network. However, the overall structure remained relatively dispersed,
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Table 3 Top 10 Journals and Co-Cited Journals Related to Liposomes and Hepatocellular Carcinoma

Rank | Journal IF (2024) JCR Co-Cited-Journal Citation | IF (2024) JCR
Quantile Quantile
| International journal 6.5 Ql Journal of controlled release 2044 11.5 Ql

of nanomedicine
2 International journal 5.2 Ql Cancer research 1436 16.6 Ql
of Pharmaceutics

3 Journal of controlled 11.5 Ql Biomaterials 1310 12.9 Ql
release

4 Journal of drug 49 Ql International journal of Pharmaceutics 1220 5.2 Ql
delivery science and
technology
Drug delivery 8.1 Ql International journal of nanomedicine 1068 6.5 Ql
Biomaterials 12.9 Ql Adv drug deliver rev 818 17.6 Ql
Colloids and surfaces | 5.6 Ql Hepatology 793 15.8 Ql
b-biointerfaces

8 Molecular 45 Ql Proceedings of The National Academy 779 9.1 Ql
pharmaceutics of Sciences of The United States of

America
9 Molecules 4.6 Q2 ACS Nano 614 16 Ql
10 Plos one 2.6 Q2 Clinical cancer research 550 10.2 Ql

suggesting that collaborations were mainly concentrated within specific research teams (Figure 5A). Timeline analysis
showed a transition from early contributors such as Deng Li and Yang Li to more recent contributors including Dai
Wenbin and Shi Feng, reflecting the continuous emergence of new investigators. Overall, these findings suggest that
liposome-related HCC research is characterized by broad participation, several influential contributors, and clustered but
fragmented collaboration patterns, highlighting the need for stronger cross-team and interdisciplinary cooperation
(Figure 5B).

Evaluation of Co-Citation Relationships and Citation Bursts
Supplementary File 2 lists the ten most cited papers among the 1116 publications on liposomes and HCC. The most cited

paper was by Hui Ling et al (2013)*7 in Nature Reviews Drug Discovery, which discussed the development of
microRNAs and other non-coding RNAs as anticancer drugs, with 1235 citations. The second most cited publication
was by Carlee E. Ashley et al (2011)*® in Nature Materials, reporting on targeted delivery of multicomponent cargo to
cancer cells using nanoporous particle-supported lipid bilayers, with 894 citations. Also ranking second, with 894
citations, was the review by Rolf F. Barth et al (2005)*° in Clinical Cancer Research, which focused on boron neutron
capture therapy for cancer.

Figure 6A presents the citation clustering network for liposome and HCC research generated using VOSviewer, in
which 1116 citations were grouped into five clusters. The largest cluster (red) included 91 relevant articles. Figure 6B
shows the citation timeline produced by VOSviewer. Figure 6C and D depict citation clustering and timelines generated
by CiteSpace, which further organized citations into 12 major thematic areas. Key themes included biological mechan-
isms and molecular targets, such as the asialoglycoprotein receptor (#1), which plays a role in liver-specific biological
processes and targeted therapies. Within the broader domain of cancer therapy, “cancer treatment” (#4) and “treatment”
(#15) represented central clusters, encompassing diverse therapeutic approaches. Diagnostic and therapeutic techniques
were also evident, exemplified by research on blood pool contrast media for liver imaging. Advances in drug delivery
were reflected in clusters such as “sensitive liposome”, “doxorubicin-loaded glycyrrhetinic acid—modified alginate
nanoparticle”, and “delivery vector”. Emerging themes such as “smart biotechnology” highlighted the integration of
novel technologies into biomedical research, while “mouse models” underscored the importance of preclinical studies for
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Table 4 Top 10 Authors and Citation Authors Related to Liposomes and Hepatocellular

Carcinoma

Rank | Author Count H-Index | Citation | Citation Author | Citation
| Zhang, bo 13 (1.16%) | 10 396 Llovet, jm 160
2 WL, jingliang 12 (1.08%) | 8 236 Gabizon, a 127
3 Gao, jie 12 (1.08%) | 12 644 Allen, tm 126
4 Kwon, hyung-joo 9 (081%) |9 166 Maedo, h 110
5 Lee, younghee 9 (0.81%) 9 166 Trochilin, vp 100
6 Zhang, na 9 (0.81%) 8 464 Gao, j 96
7 Goldberg, s.nahum | 9 (0.81%) 8 290 Goldberg, sn 87
8 Li, wei 8(0.72%) |7 371 Zhang, y 87
9 Kim, dongbum 8(0.72%) | 8 148 Liu, y 85
10 Liu, yang 8(0.72%) | 4 191 Li, y 79

therapeutic development. Overall, these clusters illustrate the interdisciplinary nature of the field, bridging oncology,
molecular biology, pharmacology, and biotechnology. Over time, research has shifted from fundamental exploration of
biological mechanisms to the development of targeted diagnostic tools, therapeutic strategies, and advanced drug delivery
systems, thereby deepening understanding and improving management of HCC.

Figure 6F presents the top 25 publications with the strongest citation bursts in the field of liposomes and HCC, as
identified by CiteSpace. The study with the highest burst intensity was published by Hyuna Sung in CA: A Cancer
Journal for Clinicians (2021),*® which estimated the incidence and mortality of 36 cancer types across 185 countries in
2020, with a burst strength of 18.77. Notably, eight publications continued to exhibit strong citation bursts through 2025,
underscoring their sustained influence and driving role in shaping research on liposomes and HCC. Specifically, the eight
studies include: (1) David Anwanwan et al’s review on the challenges and potential therapeutic strategies for liver cancer,

published in Biochimica et Biophysica Acta Reviews on Cancer in 2020;>" (2) Ju Dong Yang et al’s review on global
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Figure 6 (A) VOSviewer Reference Clustering. (B) The time-overlapping visualization of references by Vosviewer. (C) CiteSpace Reference Clustering. (D) Timeline of
references by Citespace. (E) The top 25 references with the highest outbreak intensity.

trends, risk factors, prevention, and management of hepatocellular carcinoma, published in Nature Reviews
Gastroenterology & Hepatology in 2019;>* (3) Josep M. Llovet et al’s comprehensive review of liver cancer, published
in Nature Reviews Disease Primers (2021);*® (4) Hyuna Sung et al’s global study estimating the incidence and mortality
of 36 cancer types across 185 countries in 2020, published in CA: A Cancer Journal for Clinicians (2021).%° (5) Danielle
E. Large et al’s review on liposome composition in drug delivery design, synthesis, characterization, and clinical
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Table 5 Top 20 Keywords Related to Liposomes and Hepatocellular Carcinoma

Rank | Keyword Occurrences | Total Link | Rank | Keyword Occurrences | Total Link
Strength Strength

| Hepatocellular carcinoma | 568 4283 I Therapy 127 1018

2 Liposomes 458 3469 12 Expression 120 845

3 Nanoparticles 241 1998 13 In vivo 99 796

4 Drug delivery 227 1942 14 Chemotherapy 74 635

5 Cancer 190 1452 15 Liver cancer 68 511

6 In-vitro 170 1427 16 Co-delivery 56 532

7 Delivery 170 1233 17 Pharmacokinetics | 56 491

8 Doxorubicin 143 1257 18 Inhibition 56 463

9 Apoptosis 135 986 19 Breast cancer 55 450

10 Cells 131 967 20 Liver 55 407

applications, published in Advanced Drug Delivery Reviews (2021).** (6) Weiwei Tang et al’s review on the mechanisms
of sorafenib resistance in HCC, published in Signal Transduction and Targeted Therapy (2020).%° (7) Fan-Hua Kong
et al’s review on sorafenib nanoparticle delivery systems for HCC treatment (Theranostics, 2021)*° and (8) Michael
J. Mitchell et al’s review on precision nanoparticle engineering for drug delivery (Nature Reviews Drug Discovery,
2021).%

Examination of Keyword Co-Occurrence Patterns

A total of 4805 keywords were extracted from the 1116 publications. As shown in Table 5, “hepatocellular carcinoma”
was the most frequent keyword, appearing 568 times and cited 4283 times, followed by “liposomes” (458 occurrences,
3469 citations) and “nanoparticles” (241 occurrences, 1998 citations). Other high-frequency keywords included “drug
delivery”, “cancer”, “in vitro”, “delivery”, “apoptosis”, “cells”, “therapy”, “expression”, and “doxorubicin” each
occurring more than 100 times.

Figure 7A presents the keyword clustering network for liposome and HCC research, generated by VOSviewer. A total
of 4805 keywords were grouped into four major clusters, with the largest (red) cluster comprising 174 keywords,
including “hepatocellular carcinoma” and “drug delivery”. Figure 7B shows the keyword timeline, illustrating
a transition from early research topics such as “gene therapy” and “plasmid DNA” to more recent hotspots including
“ferroptosis”, “polymeric nanoparticles”, “sorafenib”, “glycyrrhetinic acid”, “curcumin”, and “metastasis”. Figure 7C
displays the keyword clustering analysis generated by CiteSpace, which identified 10 major clusters. Figure 7D provides
the corresponding timeline, showing that early studies focused primarily on cellular-level research (eg, “HepG2 cells”
and “hepatoma cells”), which established the biological basis for later studies. In recent years, emerging themes such as
“natural medicine monomers” and “gene delivery” have gained prominence, reflecting a growing interest in natural
therapeutic compounds and gene therapy strategies. Citation burst analysis further revealed the top 25 keywords with the
strongest burst intensities (Figure 7E). “Expression” exhibited the highest burst strength (11.05), while “gene therapy”
had the longest burst duration, spanning 1996-2014. Keywords that remain active to the present include “targeted
delivery”, “co-delivery”, “targeted therapy”, “glycyrrhetinic acid”, “formulation”, “release”, “metastasis”, “mechanism”,
“hepatocellular carcinoma”, and “tumor microenvironment”, highlighting the current research frontiers in liposome-
based HCC studies.
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Clinical Trial Analysis

This study retrieved five clinical trials from the PubMed database (Supplementary File 3), which can be broadly

categorized into three main themes: (1) basic clinical application of liposomal drugs; (2) efficacy of liposomal drugs
combined with radiofrequency ablation for liver cancer treatment; and (3) clinical exploration of thermosensitive

liposome-based targeted drug delivery.

Discussion

The Structure of Knowledge in a Global Context

From 1990 to 2025, publications on liposomes and HCC have shown explosive growth. China accounted for more than
half of all publications, producing 3.53 times as many as the United States. Collectively, China and the United States
contributed 67% of all papers in this field. Notably, all of the top 10 most productive institutions were based in China.
The majority of studies were published in high-quality journals, and the most influential authors were primarily affiliated
with institutions in China and the United States. Funding support also largely originated from these two countries.
Together, these results underscore the prominent role of China and the United States in driving advances in liposome-
related HCC research.

Examination of Worldwide Research Priorities and Trends

Co-citation analysis disclosured that the 10 most frequently cited articles in the field of liposomes and HCC were
published primarily between 2005 and 2017, spanning 12 years, and could be categorized into three developmental
phases. The early exploration phase focused on foundational therapeutic approaches, such as boron neutron capture
therapy, and preliminary studies on drug carriers, including solid lipid nanoparticles, thereby establishing the theoretical
basis for subsequent applications. The rapid development phase emphasized multifunctional carriers (eg, superparamag-
netic iron oxide nanoparticles (SPIONs)), advanced targeted delivery systems (eg, nanoporous particle—supported lipid
bilayers), and regulatory targets such as non-coding RNAs, which collectively enhanced translational potential. The
advanced application phase centered on anticancer strategies employing PEGylation and curcumin-loaded liposomes,
reflecting the deeper exploration of “carrier—drug” synergy. Collectively, these highly cited articles highlight three
overarching research themes: foundational carrier development, multifunctional and targeted delivery systems, and
advanced applications integrating nanocarriers with therapeutic agents.

Keyword analysis indicated that research on liposomes and HCC can be categorized into four major thematic clusters.
The first cluster centers on disease type and carrier technology, with “hepatocellular carcinoma” and “liver cancer” as
core terms, reflecting the primary research target, alongside “liposomes” and “nanoparticles”, underscoring the founda-
tional role of nanoscale carriers in this field. The second cluster focuses on drug delivery and therapeutic applications.
Keywords such as “drug delivery” and “delivery” occupy leading positions, confirming carrier-mediated delivery as
a core research direction. Therapeutic terms such as “therapy” and “chemotherapy” highlight the emphasis on applying
liposomal systems in HCC treatment, particularly chemotherapy. The keyword “co-delivery” further refines this theme,
pointing to an emerging trend toward multidrug combination delivery. The third cluster emphasizes experimental models
and mechanisms of action. “In vitro” and “in vivo” highlight the dual reliance on cellular and animal models.
“Pharmacokinetics” reflects interest in drug absorption and distribution, while “cells”, “apoptosis”, “inhibition”, and
“expression” denote mechanistic explorations, including apoptosis induction, tumor growth inhibition, and regulation of
gene or protein expression through liposomal carriers. The fourth cluster relates to drugs and associated organs or cancer
types. “Doxorubicin”, a widely used chemotherapeutic agent, was the most frequently studied model drug for liposomal
delivery in HCC. “Liver” reflects the primary target organ, while “breast cancer” suggests technical overlap with HCC
research, indicating that liposome-based delivery strategies may have broader oncological applications, though the

association is weaker.

Journal of Hepatocellular Carcinoma 2026:13 hetps: 13


https://www.dovepress.com/article/supplementary_file/608648/Supplementary%20File.docx

Hong et al

|dentification of Research Hotspots and Frontier Trends

Development and Application of New Nanocarriers

Recent advances have positioned lipid nanoparticles (LNPs) as a cutting-edge technology for targeted drug delivery. For
instance, recent studies reported that a dual mRNA-LNP formulation targeting CRHBP and CFHR3 significantly
enhanced therapeutic efficacy against HCC.*® Another study demonstrated the co-delivery of camptothecin and miR-
145 using lipid nanoparticles, enabling MRI-visible targeted therapy for HCC.* The development of biomimetic
nanocarriers has introduced new therapeutic strategies for HCC. For instance, macrophage membrane—based biomimetic
systems have been employed to enhance immune activation and support combination therapies for liver cancer.*’
Moreover, a novel dual-targeting biomimetic nanodelivery platform, AR-NADR, has demonstrated potential in over-
coming cisplatin resistance, thereby improving therapeutic efficacy in HCC.*!

Combining the Tumor Microenvironment with Immunotherapy

Liposomes can enhance antitumor efficacy by modulating the tumor immune microenvironment. For example, targeted
nanosensitizers have been used to potentiate sonoimmunotherapy, while liposomal delivery of STING agonists has been
shown to reshape the immune microenvironment of HCC, thereby improving therapeutic outcomes.*> In addition,
Kanglaite injection has demonstrated efficacy against HCC by regulating paracrine leukemia inhibitory factor signaling
and modulating macrophage-NK cell interactions.*> The combination of liposomes with immune checkpoint inhibitors
has been shown to enhance therapeutic efficacy in hepatocellular carcinoma.** For instance, PD-1 antagonist peptide—
coupled nanoliposomes were reported to augment cancer immunotherapy by targeting PD-1 on T cells within tumor-
draining lymph nodes, thereby strengthening antitumor immune responses.*’

Optimizing Precision Targeted Therapy

A major research focus in the field of liposomes and HCC lies in the identification and application of targeting molecules.
For instance, magnetic bioluminescent nanoliposomes integrated with a portable ATP photometer system have been
successfully utilized for the detection of protein biomarkers in blood, demonstrating significant potential for clinical
diagnostics.*® Owing to their nanoscale size, excellent biocompatibility, and structural modifiability, nanocarriers can be
surface-engineered with specific targeting ligands to achieve active targeting of HCC cells. This approach enhances drug
accumulation within tumor tissues while minimizing systemic toxicity to normal cells. A folic acid—modified Act.X2-
loaded liposomal system has been shown to improve the delivery efficiency of Act.X2 and enhance its antitumor efficacy
against HCCLM3 HCC both in vivo and in vitro.*’

Application of Lipidomics in HCC Research

Aberrant lipid metabolism has been recognized as a key driver of tumor development, progression, invasion, and
metastasis. In recent years, lipidomics—through the comprehensive analysis of lipid structures and functions—has
become a research hotspot in HCC, contributing to advances in diagnosis, prognosis evaluation, mechanistic studies,
and targeted therapy.*® For instance, recent studies have demonstrated that CRSP8-driven fatty acid metabolic repro-
gramming promotes HCC progression by suppressing RAN-mediated nuclear—cytoplasmic shuttling of PPARa.*’

Clinical Progress
We analyzed five clinical trials of liposomal therapy for HCC from the PubMed database, focusing on the following
themes: 1) The application of liposomal drugs (including liposomal doxorubicin®® and cyclopentylliposome CKD-602>")
in the treatment of HCC and advanced malignancies. 2) The efficacy of combination therapies, particularly the
combination of liposomal drugs and radiofrequency ablation, in enhancing tumor destruction and improving prognosis
in patients with medium to large, unresectable HCC.>* 3) Exploring targeted drug delivery technologies, such as
thermosensitive liposome delivery mediated by focused ultrasound, and validating the safety and feasibility of these
protocols for clinical translation through Phase I,>* Phase III>* and randomized controlled trials. We analyzed five
clinical trials on liposomal therapy for HCC retrieved from PubMed.

Overall, the current clinical evidence for liposome-based therapy in HCC remains limited, heterogeneous, and
insufficient to support broad clinical translation. Existing studies have evaluated formulations such as liposomal
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doxorubicin, pegylated liposomal CKD-602, and thermosensitive liposome-based delivery mediated by focused ultra-
sound hyperthermia, with trial designs ranging from Phase I studies focused on safety and pharmacokinetics to
randomized and Phase III studies assessing efficacy and clinical feasibility. The enrolled populations have mainly
included patients with unresectable, advanced, recurrent, or medium-to-large HCC, leading to variability in liver
function, tumor burden, and prior treatment history. Although some studies have reported preliminary antitumor activity,
acceptable tolerability, and improved local tumor control, particularly in combination with radiofrequency ablation or
focused ultrasound hyperthermia, robust survival benefits and durable long-term efficacy have not been established.
Current evidence is limited by small sample sizes, early-phase or non-randomized designs, inconsistent treatment
regimens, inadequate biomarker-based stratification, and insufficient long-term follow-up. The scarcity of advanced
clinical trials may be further attributed to several biological, technical, and regulatory barriers, including heterogeneous
tumor vasculature and microenvironment, unstable intratumoral nanoparticle accumulation, rapid clearance by the
reticuloendothelial system, complement activation, immune-related reactions, difficulties in reproducible large-scale
manufacturing, stringent regulatory requirements, and poor reproducibility caused by variations in particle size, surface
modification, preparation protocols, and experimental models. Collectively, these factors help explain why promising
preclinical findings have not yet translated into widespread clinical application of liposome-based therapies for HCC.

Limitations

This study systematically reviewed the research landscape and recent advances in the field of liposomes and HCC
through a comprehensive bibliometric analysis, identifying major research trends and emerging hotspots. Nevertheless,
several limitations should be acknowledged. First, only publications indexed in the WoSCC database were included,
potentially resulting in the omission of relevant studies not covered by this source. Second, recently published articles
may not yet have been indexed at the time of data retrieval, which could introduce temporal bias and affect the
comprehensiveness of the findings.

Conclusions

Over the past 35 years, publications on liposomes and HCC have demonstrated a sustained upward trend. China, the United
States, and Japan have made major contributions to the development of this field. The Chinese Academy of Sciences was
identified as the most influential institution, while the International Journal of Nanomedicine published the largest number of
related studies. Zhang Bo, Wu Jingliang, and Gao Jie emerged as the leading contributors in this research area. Keyword co-
occurrence and thematic evolution analyses revealed that recent research has increasingly focused on novel lipid nanocar-
riers, tumor microenvironment-responsive delivery systems, immunotherapy-associated strategies, and lipidomics-based
diagnostic applications. Among the small number of clinical trials identified, several studies evaluated liposomal therapies
combined with radiofrequency ablation or ultrasound hyperthermia, highlighting the exploratory and early-stage nature of
clinical translation in this field. The bibliometric findings suggest that future research is gradually shifting from conventional
drug delivery toward clinically translatable nanoplatforms with enhanced targeting efficiency, improved pharmacokinetic
stability, and integrated immune modulation capabilities. Addressing challenges related to reproducibility, large-scale
production, and translational efficacy may be critical for the successful clinical application of liposomal therapies in HCC.

Abbreviations

HCC, Hepatocellular carcinoma; WoSCC, Web of Science Core Collection; SPIONs, Superparamagnetic iron oxide
nanoparticles; SLNs, Solid lipid nanoparticles; miRNAs, MicroRNAs; BNCT, Boron neutron capture therapy; LNPs,
Lipid nanoparticles.
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