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Purpose: Microneedles can physically penetrate the stratum corneum, creating micropores on the skin, and allowing for drug delivery
through direct diffusion, injection, or other methods. As a novel drug delivery method, it possesses significant application potential.
This study uses bibliometric analysis to explore the research hotspots and development trends of microneedle-mediated drug delivery.
Methods: Relevant research articles on microneedle-mediated drug delivery published between 1998 and 2024 in the Web of Science
Core Collection (WoSCC) database were retrieved. Data analysis and visualization were performed using VOSviewer, CiteSpace,
Scimago Graphica, and Pajek, enabling the prediction of research trends in microneedle-mediated drug delivery.

Results: In general, research on microneedle-mediated drug delivery has shown a continuous increase. China and the United States
are the leading countries in this field of study. Notably, Ryan F. Donnelly (n=224) is the most prominent contributor to this field. The
current core research directions include: disease treatment, enhancement of transdermal absorption performance of microneedles,
vaccine delivery, and new materials and technologies for microneedle manufacturing.

Conclusion: Microneedle-mediated drug delivery, as a novel technology and method, holds significant research value and application
potential. However, further strengthening of international collaboration and the clinical translation of research findings are needed.
Keywords: percutaneous drug delivery, research trends, vaccine delivery, materials science

Introduction

Fast, efficient, and minimally invasive drug delivery methods have long been a focal point of medical research. Oral
administration is convenient and non-invasive, but its efficacy is limited by first-pass metabolism, and the bioavailability
of certain drugs is poor. Traditional injection methods, due to related pain and other complications, often result in poor
patient compliance.' Topical formulations such as ointments and transdermal patches, commonly used for percutaneous
drug delivery, also face issues with poor permeability.? Microneedles, introduced in 1976 and first used for transdermal
drug delivery in 1998, have emerged as a promising solution.” Because microneedles can overcome the limitations of
oral, injectable, and traditional transdermal delivery methods, many researchers have conducted in-depth studies on them
over the past few decades. As a novel drug delivery technique, microneedles can physically penetrate the stratum
corneum, creating micropores larger than those needed for macromolecular drugs, thus providing a direct pathway for
drug diffusion.* They can also be loaded with drugs in hollow microneedles and directly injected into the circulatory
system, or mixed with soluble substances to penetrate the skin and reach the bloodstream. With ongoing research, the
application of microneedles in drug delivery has gradually expanded to areas such as dermatological treatments,” insulin
delivery for diabetes,® cancer therapy,” ocular drug administration,® and vaccination.’
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Based on their structure, microneedles can be classified into five major types: solid microneedles, drug-coated
microneedles, dissolving microneedles, hollow microneedles, and hydrogel microneedles.'® In terms of materials, they
include silicon,'" metals,'? biomaterials, and polymers.'> Microneedles consist of hundreds of micron-sized needles
arranged on a patch, typically ranging in length from 15 to 1500 pm, with a width of 50-250 pum and a tip thickness of
1-25 pm."* To create micro-sized delivery pathways, the diameter of the needles is usually within a few micrometers.
Depending on the application, the tips of the microneedles can be designed in various shapes, such as cylindrical,
triangular, conical, pentagonal, and octagonal.'> Microneedles are capable of penetrating the epidermal layer of the skin
but do not reach the nerve endings, meaning they do not cause damage to nerve tissue.'® As a result, microneedle
application is generally painless. However, there are certain limitations to microneedle-based drug delivery, including
potential skin reactions such as allergies and irritation, as well as the risk of microneedle breakage and residual
fragments.'” With advancements in technology and ongoing research, the design, fabrication, and application of
microneedles have become increasingly diverse.'> Analyzing research trends provides a valuable means for researchers
to swiftly identify current hotspots and explore new directions for further investigation.

Bibliometrics is a literature analysis method that quantitatively and qualitatively evaluates the publication output and
current state of a specific research domain.'® This approach allows for the extraction of detailed information regarding
authors, keywords, journals, countries, institutions, and references.'” Bibliometric analysis has been widely applied
across various medical fields, including oncology®® and both internal and surgical diseases.”’ As such, it offers an
effective means of identifying research trends and guiding future investigations. To date, while bibliometric studies of
microneedles in the period from 2011 to 2020 have been conducted® a comprehensive analysis covering the entire span
of research on microneedle-mediated drug delivery is still lacking. The present study aims to fill this gap by employing
bibliometric methods to trace the evolution of microneedle drug delivery research, from its inception in 1998 to the
present, providing an overview of the field’s research trends and developments. By analyzing publications from the
earliest studies to the present day, this study aims to offer a comprehensive understanding of the current landscape of
microneedle-mediated drug delivery, identify key contributors, and highlight the most prominent areas of focus. This
analysis will also help to forecast potential future research directions and guide the ongoing exploration of microneedles
as an innovative drug delivery method.

Materials and Methods

Search Strategy
We conducted a literature search in the Web of Science Core Collection (WoSCC) database (https://www.webofscience.

com/wos/woscc/basic-search) on November 9, 2024. The search query used was: TS = (Microneedle OR Microneedles
OR Micro-needle OR Micro needles OR Micro needles) AND TS = (Transdermal Drug Delivery OR Transdermal
Delivery OR Intradermal drug delivery OR intradermal delivery OR Drug Delivery OR Therapeutic Delivery OR Vaccine

Delivery), Language = English. A total of 4825 articles published from 1998 to 2024 were analyzed. Original research
papers (including basic research, clinical trials, cohort studies, etc)., review articles, and systematic review articles were
included. These studies directly provide or synthesize the most critical scientific evidence within the research field,
enabling the identification of technological advancements, research hotspots, and empirical progress in the domain.
Certain literature types were excluded, including (i) meeting abstracts; (ii) editorial materials; (iii) letters; (iv) proceed-
ings papers; (v) corrections; (vi) news items; (vii) book chapters; (viii) early access publications. These excluded
categories were omitted due to potential issues such as incomplete information, non-empirical research, or lack of
peer review. The filtering process is shown in Figure 1.

Data Analysis

VOSviewer (version 1.6.20) is a bibliometric analysis software that extracts key information from a large number of
publications and is commonly used to construct collaboration, co-citation, and co-occurrence networks.? In this study,
VOSviewer was primarily used for the following analyses: country and institution analysis, journal and co-cited journal
analysis, author and co-cited author analysis, and keyword co-occurrence analysis. In the maps generated by VOSviewer,
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Figure | Publications screening flowchart.

nodes represent individual items such as countries, institutions, journals, and authors. The size of each node reflects the
quantity of items, while different colors represent different clusters. The thickness of the lines between nodes indicates
the degree of collaboration or co-citation between the items.**

CiteSpace (version 6.3.1) is a software tool for bibliometric analysis and visualization. In this study, CiteSpace was
used to generate dual-map overlap diagrams for journals and conduct citation burst analysis of the literature.*®

Scimago Graphica software (version 1.0.45) was used for analyzing and visualizing the relationships between
publications and collaborations among countries. Pajek software (version 5.16) was used to optimize the visualization
of co-occurrence and co-citation analyses. Microsoft Excel 2021 was used to build the bibliometric database and
visualize the publication volume by country.

Results

Quantitative Analysis of Publication

Overall, 3402 microneedle research articles and 1014 review articles met the inclusion criteria for this study (Figure 2). The
entire period was divided into three periods: Period I (1998-2002), Period II (2003-2019), and Period III (2020-2024)
(Figure 2). During Period I, the number of publications was relatively low, with an average of 3.0 articles per year. This
period marked the early stages of research on microneedles and drug delivery. In Period 1I, the number of publications
showed a steady increase, with an average of approximately 105.9 articles per year, representing the development stage of
microneedle-related drug delivery research. In Period III, the publication volume began to rise significantly, with an average
of 489.5 articles per year (excluding 2024), marking an explosive growth period in research on microneedles and drug
delivery.

Country and Institutional Analysis
These publications come from 86 countries and regions, with Figure 3 displaying the publication distribution across
countries on a world map. The top ten countries are located across Asia, North America, Europe, and Australia, with the
highest number of countries (n=5) situated in Asia (Table 1). The country with the highest publication output is China
(n=1409, 31.9%), followed by the United States (n=1118, 25.3%), the United Kingdom (n=581, 13.2%), and India
(n=372, 8.4%). The combined publication output of China and the United States accounts for more than half of the total
publications (57.2%). We then selected and visualized the top ten countries by publication output, and based on the
publication volume and publication relationships of each country, we constructed a collaboration network (Figure 4). In
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Figure 3 Geographical distribution of retrieved articles in microneedles and drug delivery.

the figure, the size of a country’s node is proportional to its publication output, while the number of connecting lines
indicates the strength of collaborative relationships. It is noteworthy that there is considerable active collaboration
between different countries. For example, China has close collaborations with the United States and Canada, while the
United States actively collaborates with Australia and the United Kingdom. The growth trends of the major publication-
producing countries over the past decade are shown in Figure 5.
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Table | Top 10 Institutions in the Field of Microneedles and Drug Delivery

Rank Institutions Article Counts Total Average
Number of Citations Number of Citations

| Queen’s University Belfast 240 (5.4%) 14,790 61.6

2 Georgia Institute of Technology 183 (4.1%) 24,603 1344

3 Chinese Academy of Sciences 119 (2.7%) 3632 30.5

4 Sun Yat-sen University 115 (2.6%) 4472 389

5 Zhejiang University 104 (2.4%) 3010 28.9

6 Yonsei University 100 (2.3%) 3483 348

7 Emory University 98 (2.2%) 8382 85.5

8 University of Chinese Academy of Sciences 68 (1.5%) 1858 27.3

9 Beijing University of Chemical Technology 66 (1.5%) 2217 33.6

10 Mercer University 66 (1.5%) 2519 382

The publications included in this study come from 3290 institutions, with the top 10 institutions distributed across
four countries, five of which are located in China. The institutions with the highest publication output are: Queens
University Belfast (n=240, 5.4%), Georgia Institute of Technology (n=183, 4.1%), Chinese Academy of Sciences (n=119,
2.7%), and Sun Yat-sen University (n=115, 2.6%) (Table 1). Subsequently, based on a minimum publication threshold of
>30 articles, 40 institutions were selected for visualization, and a collaboration network was constructed from a temporal
perspective based on each institution’s publication volume and publication relationships (Figure 6). The larger the
institution’s name, the greater its contribution to the field of microneedles and drug delivery. The size of the institution’s
name is proportional to its contribution in the field of microneedles and drug delivery. The thickness of the inter-node
connections indicates the intensity of collaboration.

We exported the information of the 40 institutions filtered by VOSviewer and calculated the collaboration strength
index between each pair of institutions based on the Salton coefficient using the following formula:

. Cij
RCCij = \/]Vl:]\’]

Cij: Number of collaborations between institutions i and j

Ni, Nj: Total number of collaborations of institutions i and j (with all institutions)

Table 2 displays the top eight pairs of institutions with the closest collaborations. Among them, Queen’s University
Belfast and Hasanuddin University exhibited the most intensive collaboration among all institutions, while the collabora-
tion strength between Queen’s University Belfast and Mercer University also ranked on the list (sixth place). Meanwhile,
JUVIC Biotech Co., Ltd. from South Korea maintained close collaborations with Seoul National University and Yonsei
University, ranking second and third respectively in terms of collaboration strength among all institutions.

Journals and Co-Cited Journals
A total of 752 journals published literature related to microneedles and drug delivery. Journal of Controlled Release
published the most articles (n=240, 5.5%), followed by International Journal of Pharmaceutics (n=218, 5.0%),
Pharmaceutics (n=162, 3.7%), and Journal of Drug Delivery Science and Technology (n=128, 2.9%).

Among the top 15 journals, the journal with the highest impact factor is Journal of Controlled Release (IF=10.5),
followed by Advanced Healthcare Materials (IF=10). We then selected 42 journals based on a minimum of 20 related

publications and constructed a journal network diagram (Figure 7). We found that International Journal of
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Figure 4 The visualization of countries on research of microneedles and drug delivery.
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Figure 5 The growth trends of the top 10 nations/regions in microneedles and drug delivery.
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Figure 6 Cluster density visualization map of institutions on microneedles and drug delivery.
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Pharmaceutics has an active citation relationship with Journal of Controlled Release, Pharmaceutics, Journal of Drug

Delivery Science and Technology, and other journals.

Among the top 15 most-cited journals, two journals had citation frequencies exceeding 10,000. The journal with the

highest citation frequency was Journal of Controlled Release, followed by International Journal of Pharmaceutics,

Advanced Drug Delivery Reviews, and Pharmaceutical Research. Additionally, Advanced Materials had the highest
impact factor (IF=27.4), followed by Advanced Functional Materials (IF=18.5) (Table 3). By selecting journals with
a minimum co-citation frequency of >1000, we constructed a co-citation network diagram (Figure 8). Journal of

Controlled Release has a positive co-citation relationship with Infernational Journal of Pharmaceutics, Biomaterials,

and other journals.

Table 2 Top Eight Institutions with the Closest Collaboration

Rank Institution | Institution 2 Relative Collaboration Coefficient
| Queen’s University Belfast | Hasanuddin University 0.188982
2 Seoul National University | JUVIC Biotech Co.,, Ltd. 0.144338
3 Yonsei University JUVIC Biotech Co., Ltd. 0.133631
4 College Cork University Leiden University 0.125000
5 Oxford University College Cork University 0.111803
6 Queen’s University Belfast Mercer University 0.109109
7 Mercer University Emory University 0.102062
8 Nanjing University Leiden University 0.102062
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Figure 7 The visualization of journals on research of microneedles and drug delivery.

Authors and Co-Cited Authors

2022 2024

A total of 16,697 authors have participated in research on microneedles and drug delivery. Among the top 15 authors,
9 have published more than 50 articles (Table 4). Notably, two authors have made outstanding contributions to the field

Table 3 Top 15 Journals and Co-Cited Journals in the Field of Microneedles and Drug Delivery

Rank | Journal Article IF H-Index | Journal Total IF H-Index
Counts (2024) Number of (2024)
Citations

[ Journal of Controlled 240 (5.5%) 10.5 237 Journal of Controlled Release 17273 10.5 237
Release

2 International Journal of 218 (5.0%) 53 190 International Journal of Pharmaceutics 10426 5.3 190
Pharmaceutics

3 Pharmaceutics 162 (3.7%) 4.9 32 Advanced Drug Delivery Reviews 6336 152 278

4 Journal of Drug Delivery 128 (2.9%) 4.5 38 Pharmaceutical Research 5579 35 191
Science and Technology

5 Drug Delivery and 106 (2.4%) 57 27 Biomaterials 5436 12.8 337
Translational Research

6 Pharmaceutical research 89 (2.0%) 35 191 Vaccine 4882 45 164

7 European Journal of 81 (1.8%) 44 138 European Journal of Pharmaceutics and 4181 44 138
Pharmaceutics and Biopharmaceutics
Biopharmaceutics

8 Journal of Pharmaceutical 66 (1.5%) 2.5 159 Pharmaceutics 3875 4.9 32
Sciences

(Continued)
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Table 3 (Continued).

Rank | Journal Article IF H-Index | Journal Total IF H-Index
Counts (2024) Number of (2024)
Citations
9 Advanced Healthcare 65 (1.5%) 10 63 ACS Nano 3633 15.8 310
Materials
10 Vaccine 64 (1.5%) 45 164 Advanced Materials 3454 274 447
I Biomedical Microdevices 60 (1.4%) 3 79 Proceedings of The National Academy of | 3075 9.4 699

Science of The United States of America

12 Journal of Materials 57 (1.3%) 6.1 71 Journal of Pharmaceutical Sciences 2945 37 159
Chemistry B

13 Expert Opinion on Drug 54 (1.2%) 5 88 Advanced Functional Materials 2870 18.5 269
Delivery

14 ACS Applied Materials & 53 (1.2%) 83 169 European Journal of Pharmaceutical 2738 43 119
Interfaces Sciences

15 International Journal of 50 (1.1%) 77 101 Advanced Healthcare Materials 2669 10 63

Biological Macromolecules

of microneedles and drug delivery, each publishing over 100 articles: Ryan F. Donnelly from School of Pharmacy,
Queens University Belfast, Medical Biology Centre, Antrim, Northern Ireland (n=226) and Mark R. Prausnitz from the
Department of Biomolecular Engineering, Georgia Institute of Technology, Atlanta, Georgia, USA (n=155). Andi Dian
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Figure 8 The visualization of co-cited journals on research of microneedles and drug delivery.
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Table 4 Top 10 Authors and Co-Cited Authors

Rank | Authors Article counts | Co-Cited Authors Citations
| Donnelly, Ryan F 226 Donnelly, Ryan F. 2438
2 Prausnitz, Mark R. 155 Prausnitz, Mark R. 2283
3 McCarthy, Helen O. 62 Kim, Yeu-Chun 1692
4 Permana, Andi Dian 62 Park, Jung-Hwan 1240
5 Larraneta, Eneko 58 Gill, Harvinder S. 1170
6 Jung, Hyungil 56 Larraneta, Eneko 1137
7 Guo, Xin Dong 52 Lee, Jeong Woo 934
8 Vora, Lalitkumar K. 52 Chen, Mei-Chin 843
9 Gu, Zhen 50 Sullivan, SP 766
10 Park, Jung-hwan 49 Ito, Yukako 735
I Wu, Chuanbin 49 Van Der Maaden, Koen | 707
12 Banga, Ajay K. 47 Henry, S 688
13 Compans, Richard W. | 46 Ita, Kevin 673
14 Anjani, Gonita Kurnia | 43 Davis, SP 669
15 Pan, Xin 4] Lee, Kangju 638

Permana (n=62) from the Department of Pharmaceutical Science and Technology, Faculty of Pharmacy, Hasanuddin
University, Makassar, Indonesia, and Helen O. McCarthy (n=62) from the same institution as Ryan F. Donnelly shared
the third position in publication output. Eneko Larrafieta (n=58), ranked fifth in publication volume, is also affiliated with
the School of Pharmacy, Queen’s University Belfast. We constructed a collaboration network based on authors with >20

publications (Figure 9). Ryan F. Donnelly and Mark R. Prausnitz have the largest nodes, as they have published the most

das, diganta b.
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vora, lalitkumar k. zhang, xiao peng
mccruddengmaeliosa t. c.
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banga, ajay k.
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Figure 9 The visualization of authors on research of microneedles and drug delivery.
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Figure 10 The visualization of co-cited Authors on research of microneedles and drug delivery.

relevant articles. The network as a whole formed a collaborative framework centered approximately around these two
authors. Both have collaborated with numerous authors. Notably, Andi Dian Permana, Helen O. McCarthy, and Eneko
Larrafieta maintained close collaborative relationships with Ryan F. Donnelly.

Among the 89,525 co-cited authors, 6 authors have been cited more than 1000 times. The author with the highest
citation frequency is Donnelly, Ryan F. (n=2438), followed by Prausnitz, Mark R. (n=2283), and Kim, Yeu-Chun
(n=1692) (Table 4). We selected authors with >300 citations and constructed a co-citation network diagram
(Figure 10). Donnelly, Ryan F., and Larraneta, Eneko, as well as Prausnitz, Mark R. and Park, Jung-Hwan, among
other co-cited authors, also show active collaboration.

Co-Cited References

From 1997 to the present search, a total of 143,443 co-cited articles on microneedles and drug delivery have been
identified. Among the top 10 most co-cited articles, 7 articles have a co-citation frequency of >500, and one article has
a co-citation frequency of >800 (Table 5). We selected publications with >300 co-citations and constructed a co-citation

Table 5 Top 10 Co-Cited References

Rank | Cited Reference Total Citations
| Kim YC, 2012, Adv Drug Deliver Rev, vé4, p1547, doi 10.1016/j.addr.2012.04.005 872
2 Prausnitz MR, 2008, nat biotechnol, v26, pl1261, doi 10.1038/nbt.1504 679
3 Prausnitz MR, 2004, Adv Drug Deliver Rev, v56, p581, doi 10.1016/j.addr.2003.10.023 673
(Continued)
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Table 5 (Continued).

Rank | Cited Reference Total Citations
4 Henry S, 1998, ] Pharm Sci, v87, p922, doi 10.1021/js980042+ 604
5 Lee JW, 2008, Biomaterials, v29, p2113, doi 10.1016/j.biomaterials.2007.12.048 555
6 Park JH, 2005, ] Control Release, vI104, p51, doi 10.1016/j.jconrel.2005.02.002 536
7 Sullivan SP, 2010, Nat Med, v16, p915, doi 10.1038/nm.2182 505
8 Waghule T, 2019, Biomed Pharmacother, vI109, p1249, doi 10.1016/j.biopha.2018.10.078 | 488
9 Larrafieta E, 2016, Mater Sci Eng R, v104, pl, doi 10.1016/j.mser.2016.03.001 453
10 Davis SP, 2004, ] Biomech, v37, p1155, doi 10.1016/j.jbiomech.2003.12.010 429

network diagram (Figure 11). Notably, “Kim YC, 2012, Adv Drug Deliver Rev” shows a strong co-citation relationship
with “Prausnitz MR, 2008, Nat Biotechnol” and “Park JH, 2005, J Control Release”, among others.

Hotspots and Frontiers

Using VOSviewer, we filtered keywords with a frequency of >30 and excluded keywords that were identical to the search terms.
Through keyword co-occurrence analysis, we captured the research hotspots related to microneedles and drug delivery
(Figure 12). The thicker the line between the nodes, the stronger the relationship between the keywords. A total of four clusters
were identified, representing three research directions. The red cluster includes keywords such as dissolving microneedles,
release, nanopractices, insulin, diabetes, cancer, immunotherapy, hydrogel, and others. The blue cluster contains keywords such
as skin, in-vitro, formulation, penetration, permeation, electroporation, and others. The green cluster includes keywords like

sullivan sp, 2010, ngbmed, v16, p915, d
- lee jw, 2008, biom@gerials, v29, p2113,

prausnitz mr,-2004gadv drug deliver rev
kim yc, 2012, adv‘g deliver rev, vé4,

park jh, 2005, j co@ifrol release, v104,
mcallister dv, 2003§p natl acad sci usa
prausnitz mr, 2008gRat biotechnol, v26;
henry's, 1998, j ph@gim sci, v87, p922, d
donnelly rf, 2012, adv funct mater, v22,

@ill hs, 2007, j congpol release, v117,
@%b VOSviewer

Figure |1 The visualization of co-cited references on the research of microneedles and drug delivery.
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Figure 12 Keyword cluster analysis on research of microneedles and drug delivery.

immunization, vaccine, immune responses, antigen, intradermal delivery, and others. The yellow cluster features keywords such

as fabrication, polymer microneedles, arrays, patches, 3D printing, and others. The purple cluster, which has fewer keywords,

includes eye, injection, ocular drug delivery, suprachoroidal space, posterior segment, triamcinolone acetonide, molecular

weight, and others. Table 6 shows the top 20 most frequent keywords in the research on microneedles and drug delivery.

Table 6 Top 20 Keywords in the Field of Microneedles and Drug Delivery

Rank | Keywords Counts | Rank | Keywords Counts

[ Skin 935 I Penetration 248

2 Fabrication 604 12 In-vivo 236

3 Nanoparticles 505 13 Insulin 235

4 Dissolving microneedles | 462 14 Design 218

5 In-vitro 448 15 Immunization 215

6 Arrays 385 16 Vaccine 182

7 Release 346 17 Systems 178

8 Patches 297 18 Formulation 173
(Continued)
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Table 6 (Continued).

Rank | Keywords Counts | Rank | Keywords Counts
9 Polymer microneedles 287 19 Vaccine delivery | 173
10 Patch 266 20 System 170

We used CiteSpace software to analyze the keywords extracted from the literature in this search and examined the

temporal trends of the top 25 burst terms (Figure 13). The figure shows the emergence time and burst strength of these

terms, with the red bars indicating years when the occurrence rate of the keyword was particularly high.

Top 25 Keywords with the Strongest Citation Bursts

Keywords

microfabricated microneedles

stratum corneum
gene
immunization
electroporation
transport
percutaneous absorption
in vivo

human skin

virus like particles
antigen

vaccine delivery
devices

influenza vaccination

transcutaneous immunization

immune responses
immunogenicity
patches

rheumatoid arthritis
separable microneedles
immunotherapy

patch

strategy

management

drug delivery systems

Year Strength
2003 41.12
2004 19.83
2005 7.91
2006 39.27
2006 8.65
2007 34.16
2008 26.94
2005 20.03
2007 17.05
2012 9.01
2005 8.99
2011 31.51
2010 9.08
2014 8.77
2011 12.78
2009 9.11
2009 7.84
2014 13.09
2021 8.19
2021 7.97
2021 7.97
2017 16.69
2022 9.87
2021 9.13
2004 7.62

2007
2008
2008
2010
2012
2012
2013
2014
2014
2016
2016
2016
2018
2021
2021
2021
2022
2022
2022
2022

End
2016
2015
2009
2017
2017
2016
2014
2017
2016
2016
2020
2018
2016
2017
2019
2019
2019
2020
2024
2024
2024
2024
2024
2024
2024

Figure 13 The top 25 burst words in research of microneedles and drug delivery.

1997 - 2024
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Discussion

General Information

Bibliometric analysis reveals that, overall, the literature on microneedle-mediated drug delivery has shown a continuous
growth trend, with an increasing number of related research findings and growing interest from scholars in this field.
Between 1998 and 2002, the annual publication volume was relatively low, averaging 3.7 papers per year, marking the
initiation phase of research on microneedle-mediated drug delivery. From 2003 to 2019, research on microneedle-
mediated drug delivery began to grow steadily. Between 2020 and 2024, the volume of literature on microneedle-
mediated drug delivery experienced significant growth. Based on the statistical trends, we can predict that research on
microneedle-mediated drug delivery will continue to increase, and this field will play an increasingly important role in
biomedical research in the future.

China and the United States are the leading countries in microneedle-mediated drug delivery research, with China
taking the lead. Among the top 10 research institutions, half are located in China (n=5), followed by the United States
(n=3), the UK (n=1), and South Korea (n=1). Although there is some collaboration between countries, the breadth and
strength of inter-institutional collaboration are not ideal. In the long run, this could hinder the development of the
research field. Regarding research institutions, some have established strong collaborations. For example, Queens
University Belfast in the UK and Georgia Institute of Technology in the US have become central hubs for numerous
collaborative institutions, and these two institutions also maintain close cooperation. However, we also observed that
some Chinese institutions, such as the Chinese Academy of Sciences, despite publishing the most papers, have limited
collaboration with other institutions. Additionally, cross-national institutional collaboration remains relatively low.
Therefore, we recommend that research institutions from different countries enhance their collaboration and commu-
nication to jointly promote the development of microneedle-mediated drug delivery research.

The journal that publishes the most literature on microneedle-mediated drug delivery is Journal of Controlled Release
(n=238, IF= 10.5), which is also the most cited journal and has the highest impact factor among the top 15 journals
publishing research on microneedle-mediated drug delivery. This indicates that the journal is currently the most popular
in this research field. Among the top 15 journals publishing the most literature on microneedle-mediated drug delivery,
two have an impact factor >10, and eight have an impact factor >5, indicating that they are high-quality international
journals that support research in this area. Currently, research on microneedle-mediated drug delivery is primarily
published in pharmaceutical and biological journals, with few studies appearing in clinical journals. This suggests
that most research is still in the basic research stage and has not yet seen widespread clinical application.

From the perspective of the authors, two researchers have made outstanding contributions to the field of microneedle-
mediated drug delivery, publishing more than 100 papers: Ryan F. Donnelly (n=224) and Mark R. Prausnitz (n=152).
Ryan F. Donnelly and his team’s research primarily focuses on novel polymer microneedle arrays for transdermal drug
delivery of “hard-to-deliver” drugs, as well as intradermal delivery of vaccines and photosensitizers. His research spans
a wide range of areas, including cancer treatment,’® antimicrobial drug delivery,”” HIV prevention,® ocular drug
delivery,® and 3D-printed microneedles.?’ Similarly, Mark R. Prausnitz and his team have made significant contributions
in areas such as insulin delivery for diabetes patients,* microneedle-mediated vaccination,®’ and drug delivery to ocular
tissues.* In terms of co-cited authors, these two researchers are also the most frequently co-cited, indicating their
significant influence in the field of microneedle-mediated drug delivery.

Co-cited literature refers to documents that are cited by multiple publications and can be considered as foundational
research in a given field.?> In this search, five of the ten most co-cited papers are review articles, which provide
a comprehensive summary of the research foundations for microneedle-based drug and vaccine delivery. The review
article “Microneedles for Drug and Vaccine Delivery” by Mark R. Prausnitz’s team is the most co-cited paper. This
review discusses the use of microneedles for delivering various low molecular-weight drugs, biotherapeutics, and
vaccines prior to the year of its publication. Among the most co-cited original studies, topics include microfabricated
microneedles,” dissolving microneedles,*® biodegradable polymer microneedles,** dissolving polymer microneedles for
influenza vaccination,” and research on measuring and predicting insertion forces and needle breakage forces.*® These
studies have laid the foundation for the development of microneedle-mediated drug delivery.
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Hotspots and Frontiers

Bibliometrics is an important method for identifying research hotspots and predicting future development trends. This
article, by analyzing the changes in emerging terms in recent years, examines the development trends of microneedle
research. Cluster analysis identified four key research hotspots in microneedle studies.

The red cluster reveals the correlation between microneedle-mediated drug delivery and the treatment of various
diseases. Our analysis shows that diseases such as diabetes, cancer, and melanoma are the main focus of microneedle-
related drug delivery research. Type 1 diabetes is a very common chronic disease worldwide, and the only current
treatment method is long-term subcutaneous insulin injections to maintain normal blood glucose levels.’” Due to its
advantages of being pain-free and minimally invasive, microneedles have the potential to replace subcutaneous insulin
injections in the treatment of Type 1 diabetes. The first report of using microneedles to deliver insulin appeared in 2003.%*
Researchers used solid microneedles to penetrate the skin’s outer layer, increasing the permeability of insulin and thereby
reducing blood glucose levels in diabetic rats. Since then, research on the combination of insulin and microneedles has
expanded, including solid microneedles,* coated microneedles,*® hollow microneedles,*! dissolving microneedles,** and
hydrogel microneedles.*> With continuous optimization of microneedle performance, microneedle-mediated insulin
delivery is expected to play a significant role in the future diabetes treatment market, potentially replacing subcutaneous
injections as the primary treatment method. In the prevention and treatment of cancer, microneedles have been used to
deliver anticancer drugs (chemotherapy) to skin tumors, as well as for photodynamic therapy and photothermal therapy.
Keyword emergence analysis reveals that since 2021, microneedle-mediated drug delivery has become a key develop-
ment direction in the field of immunotherapy. In tumor immunotherapy, compared to traditional subcutaneous injections,
using microneedles to implant tumor vaccines and adjuvants subcutaneously induces a stronger antigen-specific antibody
response and enhances antibody memory.** Additionally, combination chemotherapy-photothermal therapy can improve
the therapeutic effect on tumors. Microneedle delivery systems can facilitate the localized delivery of drugs in
combination therapies, avoiding the issues associated with the systemic delivery of anticancer drugs.*’

The blue cluster highlights the correlation between microneedle-mediated drug delivery and the enhancement of
transdermal/intradermal drug absorption. Many researchers have focused on improving the transdermal penetration
efficiency of microneedle-mediated drug delivery, employing various strategies to enhance its effectiveness.
Microneedles can break through the skin barrier, ensuring the precise delivery of both small molecules and large
macromolecules, which promotes localized or systemic therapeutic effects.*> Moreover, when combined with nanopar-
ticles, microneedles not only enhance the skin permeability of drugs but also leverage the inherent advantages of
nanoparticles, such as protecting therapeutic payloads from chemical or enzymatic degradation, enabling sustained
release, and promoting targeted drug delivery. This synergistic approach improves the overall efficiency and effectiveness
of dermal/transdermal therapies.” Hydrogel microneedles can regulate drug release by controlling the crosslinking
density of the matrix material, allowing for sustained and controlled drug release.*® These systems have been applied
in research on various diseases, including cancer,?’ diabetes,*® and diabetes.*’ Additionally, some researchers have
investigated the impact of different microneedle shapes on the skin permeability of drugs.>*

The green cluster highlights the correlation between microneedle-mediated drug delivery and vaccine delivery. Burst
keyword analysis also indicates that vaccine delivery has been an important research focus in the microneedle field since
2013. Studies have shown that, compared to traditional injectable formulations, microneedles offer more effective
immune responses, broader immunogenicity, and higher seroconversion rates.”’ Additionally, vaccines can be stored at
room temperature and transported in solid form, which reduces transport costs and the likelihood of contamination during
storage.”? Soluble microneedles can incorporate vaccines into soluble polymer matrices, which dissolve in tissues
without generating harmful medical waste, thus reducing the risk of blood-borne diseases.”® Current research on
microneedle vaccines has focused on the development of vaccines for various diseases, including influenza,>*
encephalitis,”® measles, rubella,’® gonorrhea,’” and malaria.>® During the global COVID-19 pandemic, numerous studies
on COVID-19 microneedle vaccines significantly advanced the development of microneedle vaccine technology. For
example, Kim et al found that soluble microneedles containing the SARS-CoV-2 S1 subunit vaccine elicited a strong
antigen-specific antibody response two weeks after administration. Furthermore, the microneedle array vaccine

3820 https: Drug Design, Development and Therapy 2025:19



Xiang et al

maintained its immunogenicity even after gamma radiation sterilization, demonstrating the considerable advantages of
microneedle vaccines.”® Although microneedle vaccines have not yet become a mainstream tool, their advantages are
expected to expand as technology advances, and they hold great promise for the future.

The yellow cluster highlights the correlation between microneedle-mediated drug delivery and materials and
manufacturing. The choice of materials, microneedle configuration, and manufacturing methods are all closely related
to the intended application of microneedles. Silicon and silicon-based materials are widely used in microneedle drug
delivery systems, primarily prepared through a combination of isotropic and anisotropic etching processes.®® To address
their fragility and relatively poor biocompatibility, methods such as gold plating on silicon through metal sputtering®" and
optimization of etching techniques®® have been used to improve their mechanical strength and biocompatibility. Metallic
microneedles offer excellent mechanical and physical properties, resistance to fracture, low cost, and good biocompat-
ibility. Metals such as stainless steel,'? titanium,®® titanium®* are commonly used for the manufacture of hollow, coated,
and solid microneedles. Polymer materials, on the other hand, are easy to shape, have short processing times, low cost,
and a wide variety of available materials, making them suitable for large-scale production. Additionally, polymers offer
good needle flexibility. Furthermore, many polymer materials exhibit biocompatibility and biodegradability, making
polymer-based microneedles an important research direction in the current field of medical microneedle fabrication.
Currently, there are many types of polymer microneedles, including Polyvinylpyrrolidone (PVP),** Polylactide (PLA),°®
Acrylate,®” Hydrogels,®® Polyvinylalcohol (PVA),*” Polycaprolactone (PCL),*’ Carboxymethylcellulose (CMC),””
Cellulose acetate phthalate (CAP),”' among others. Polymer microneedles are continuously evolving and innovating,
representing a key development direction in microneedle-mediated drug delivery. The manufacturing methods for
microneedles include selective etching photolithography, chemical etching processing, micro-milling, laser cutting, 3D
printing, soft lithography, micro-injection molding, hot embossing, electrohydrodynamic spraying, laser processing, laser
discharge processing, soft lithography, stretchable lithography, centrifugal lithography, and droplet transfer gas-blowing,
among others.’? Researchers can adjust the drug release rate of microneedles by altering the design, materials, and drug
carriers according to the specific needs of patients. This allows microneedle-mediated drug delivery research to progress
toward more personalized and precise treatments.

Although “smart microneedles” did not appear among the high-frequency keywords in our analysis, existing
prominent terms reveal widespread research trends focusing on demands such as controlled drug release, precise targeted
delivery, multifunctional applications across multiple organs, long-term wearability, and user-friendly operation.
Consequently, designing novel smart microneedles endowed with superior characteristics holds significant research
value. Researchers have already developed various intelligent microneedle systems, including adhesive
microneedles,”” rapidly separating dissolving microneedles,”* separable microneedles,” and responsive
microneedles.’® These innovative materials or fabrication techniques have further amplified the advantages of micro-
needle-mediated drug delivery, enabling their application across a broad spectrum of biomedical fields. Simultaneously,
the emergence of novel smart microneedles has created opportunities for integrating microneedles with practical devices,
opening new research directions in combination therapies and functional expansions.

This study has several unique advantages. We systematically analyzed the research on microneedles in drug delivery
using bibliometric methods for the first time, providing comprehensive guidance for scholars interested in this field.
Additionally, we employed multiple bibliometric tools to investigate and analyze the literature from various dimensions.
The bibliometric analysis offers comprehensive statistical data and visualizations, providing a more objective and
complete insight into the hotspots and cutting-edge developments in microneedle-mediated drug delivery, compared to
traditional reviews.

However, there are some limitations to this study. The data used were exclusively sourced from the WoSCC database,
and only English-language studies were included, which may result in the omission of some relevant research.
Furthermore, recently published articles may not have been cited as frequently in a short period, potentially excluding
high-quality articles with insufficient citation counts. Therefore, conducting bibliometric studies on the same research

direction at different time intervals will help researchers continually identify emerging research hotspots.
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Conclusion

In recent years, microneedle-mediated drug delivery has garnered increasing attention from researchers worldwide,
with the number of related publications continuing to grow. China and the United States are leading the research in this
field, and several teams are focusing on advancing this research, yielding exceptional results. However, collaboration
and communication between countries and institutions still require improvement. Additionally, we recommend that
researchers pay attention to the translation of research findings into clinical applications, further promoting the
development of microneedles in drug delivery. Microneedle-mediated drug delivery has generated numerous research
hotspots in disease treatment and diagnosis, vaccine delivery, and the discovery of new materials and technologies. As
an emerging technology, microneedle-mediated drug delivery holds significant research value and promising applica-
tion prospects. This paper aims to provide researchers in this field with effective references and suggestions for future
development.
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