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Cardiovascular diseases (CVDs) continue to be the leading cause of health problems
around the world. Because of its unique properties, reactive oxygen species (ROS)-
based nanotechnology offers novel solutions to the diagnosis and treatment of CVDs. In
order to identify and further promote the development of ROS-based nanotechnology in
CVDs, we here provide a bibliometric analysis. 701 eligible articles about the ROS–
based nanotechnology for CVD up to May 26th, 2022, were taken from the Web
of Science Core Collection database. The VOSviewer was used to analyze annual
publications, countries/institutions, funding agencies, journals and research category,
and the research hotspots. From the publication of the first article in 2005 to 2021,
the output and the number of citations of articles are on the rise. Based on the
bibliometric analysis, we found that the current research focuses on the correlation
between diagnosis (sensors and), treatment (oxidative stress, inflammation, and drug
delivery) and safety (toxicity). Since 2019, research on nanomedicine and drug delivery
has become a hotspot. So, more research in chemistry, materials, biology, and medicine
is required to further develop and construct ROS-based nanomaterials.

Keywords: nanotechnology, reactive oxygen species, bibliometric analysis, cardiovascular disease, CVD risk
assessment, CVD risk prediction, data visualization analysis

INTRODUCTION

According to World Health Organization (WHO) estimates, cardiovascular diseases (CVDs)
are one of the most important causes affecting health status and the leading cause of death
worldwide (1).

Cardiovascular diseases are a broad term for any condition that affects the heart or blood
vessels, such as high blood pressure, stroke, coronary heart disease, myocardial infarction, etc (2).
However, accumulating evidences demonstrated that some patients’ CVDs may due to oxidative
stress injury caused by excessive production of reactive oxygen species (ROS) (3). ROS are a group
of highly reactive molecules and free radicals that are made by the metabolism of molecular oxygen
(4). Under normal circumstances, ROS are produced at low levels in all cells via the electron-
transport chain during aerobic respiration and by a variety of constitutively active oxidases (5).
However, in the presence of CVDs, the excessive production of ROS that cannot be neutralized by
antioxidants in cells [such as superoxide dismutase (SOD) and catalase] and results in oxidative
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stress may aggravate myocardial damage and impair cell
components such as membrane lipids, proteins, and DNA
(6). In other words, this also provides an efficient approach
for dealing with and preventing CVDs via the regulation of
ROS. However, current medical methods, leading to ineffective
or excessive treatment, cannot take advantage of the changes
in ROS concentration in the microenvironment of diseased
tissues (7). Nanotechnology has the potential to bring up
new avenues for assisting or overcoming constraints in CVD
diagnosis and treatment due to its unique features. ROS–
based nanotechnology focuses on the ROS–related nano
chemistry interface (ROS generation, ROS transition, and
ROS scavenging) for improved reaction efficiencies, as well
as the ROS-related nanobiology interactions (bioavailability,
biodegradability, and biocompatibility) for improved therapeutic
outcomes. In recent years, various advanced ROS-based
nanotechnologies have been developed and applied to the
diagnosis and treatment of cardiovascular illnesses in response
to the growing interest of scholars (8). Inspired by the vast
advances in the field of ROS-based nanotechnology for CVD,
we present this article regarding ROS-based nanotechnology
for CVD via the aid of bibliometric analysis, with the aim of
identifying current research advances and further promoting
the development of this important field. In this work, the Web
of Science(WoS) innate function and bibliometric methods
are used to identify annual publication trends, the most
productive countries/institutions, publication-related journals,
and research hotspots in the field. Based on the macroscopic
and objective results obtained from this analysis, we further
proposed a prospects for future research directions and clinical
translations of the applications of ROS-base nanotechnology
for CVDs. This paper may serve as a reference, not only for
researchers, but also for doctors who work in the field of
nanotechnology in CVD.

MATERIALS AND METHODS

All publications relating to ROS–based nanotechnology for
CVD were retrieved from Clarivate analysis’s Web of Science
Core collection Database including editions of SCI-EXPANDED
(2003–present), SSCI (2003–present), A & HCI (2003–present),
ESCI (2015–present), CCR–EXPANDED (1985–present), and IC
(1993–present) (9, 10). The data was obtained on May 26th, 2022
and the following search query was developed to extract the total
number of published items.

TS = (nanoparticle∗ or nanomaterial∗ or nanodot∗ or
“quantum dot∗” or nanosphere∗ or nanorod∗ or nanofiber∗ or
nanotube∗ or nanosheet∗ or nanocomposite∗ or nanodevice∗
or nanocluster∗ or nanotech∗ or nanocarrier∗ or nanowire∗ or
nanoliposome∗ or nanoemulsion∗ or nanocrystal∗ or nanogels∗
or nanoconjugate∗ or nanodiamond∗) (11) and TS = (“high
blood pressure” or hypertension∗ or “peripheral arter∗” disease∗
or “atrial fibrillar∗” or tachycardia∗ or endocarditis∗ or pericard∗
or ischem∗ or arrhythmia∗ or thrombo∗ or cardio∗ or cardiac∗
or “heart failure” or “heart beat” or “heart rate∗” or “heart
val∗” or coronary∗ or angina∗ or ventric∗ or myocard∗) (11)

and TS = (“reactive oxygen species” or “ROS” or “H2O2” or
“hydrogen peroxide”) (12).

Additional, the language was limited to “English.” We
extracted the following information about the studies: year of
publication, distribution of articles by countries or institutions,
funding agencies, authors, keywords, and major journals’
published articles. VOSviewer was employed to conduct the
data visualization.

RESULTS

Search Results
A total of 713 publications were retrieved (Supplementary
Figure 1). These included 616 articles, 85 reviews, 6 meeting
abstracts and other types of papers. Document types such as
corrections, meeting abstracts, and editorial materials do not
share the same citation rates, therefore, only document types
including original articles and reviews were utilized (in total 701
publications) in our following analysis (Supplementary Table 1).

The Annual Trend of Paper Publication
Quantity
Figure 1 illustrates the annual publications and citations growth
of literatures regarding ROS–based nanotechnology for CVD.
It displayed an upward trend from 2 documents published in
2005 to 131 documents published in 2021. The period from 2013
to 2021 was a rapid development period. Citation analysis is a
simple and objective way to evaluate the quality of published
articles, journals, research organizations and even individual
researchers; The times of an articles cited reflect its scientific
impact (13). Among all the retrieved articles, there were 18,474
citing documents including 279 self-citations and 18,195 without
self-citation (accounted for 98.49% of all citing documents). Sum
of the times cited was 22,032 including 21,360 without self-cited
which accounted for 96.95%.

Most Productive Countries/Regions and
Institutions
Of these 701 documents, 60 countries and regions contributed to
this research field. China was the most productive country which
published the maximum number of related studies (n = 324,
accounted for 41.45% of all). It was followed by the United States
(n= 138, 19.686%), India (n= 66, 9.415%), South Korea (n= 41,
5.849%) and Germany (n= 20, 2.853%). In addition, the average
citations and h-index of the top 7 most productive and influential
countries are also presented (Figure 2). With this, China, the
United States, and India rank in top three positions in terms of
the h-index, reflecting a relatively high number of publications
and associated citations from these countries. Japan topped the
list with the highest average citations (47.05), followed by the
United States (45.79) and India (35.35). When it comes to
institution rankings (Figure 3), the Chinese Academy of Sciences
takes the first rank position in terms of publication numbers, with
39 publications, while League of European Research Universities
occupies the leading institution in terms of the h-index (14).
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FIGURE 1 | The annual publication and citation growth of literature.

FIGURE 2 | Distribution of publications in countries/regions. The number in the brackets goes: (publication numbers, h-index, average citations). Percentage
indicates the proportion of the publication number in global scale.

Furthermore, the Council of Scientific Industrial Research ranked
the first position in terms of the average citations (49.18).

Productivity by Funding Agencies
Based on the selection criteria, the top 10 funding agencies
are represented in Figure 4. Among these funding agencies,

the National Natural Science Foundation of China (NSFC)
ranked first, accounting for 242 funded projects. The
United States Department of Health Human Services
and National Institutes of Health in the United States
ranked second and third, with 81 funded projects and 80
funded projects, respectively. However, 100 articles, which
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FIGURE 3 | The most contributing institutes in the field of ROS based nanotechnology for cardiovascular diseases.

FIGURE 4 | Distribution of articles by funding agencies (top 10 funding agencies).

accounted for nearly 14.265% of the total, were without any
funding support.

Journals and Research Category
Analysis
These 701 documents were published in 296 kinds of journals.
The top 10 most productive journals in this area were
shown on Figure 5. These top 10 journals published a 157
total of documents, accounting for 22.40% of all. Biosensors
Bioelectronics published the most document (n = 25). The

second most popular journal was Biomaterials which has 23
publications. International Journal of Nanomedicine ranked No.
3 (n= 22) and was followed by ACS Applied Materials Interfaces
(n= 15) and ACS Nano (n= 14).

In terms of research categories, a total of 74 research categories
were involved. Based on the quantity of publications, the top 10
research categories are demonstrated in Figure 6. “ Nanoscience
Nanotechnology ” (167 publications), “ Pharmacology Pharmacy
” (107 publications), “ Chemistry Multidisciplinary ” (104
publications), “ Materials Science Multidisciplinary ” (91
publications) and “ Materials Science Biomaterials ” (81
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FIGURE 5 | Productivity of journals (top 10 journals).

FIGURE 6 | The top 10 research categories.

publications) are ranked in top 5 positions. As for the publisher,
the most represented publishers based on the number of the
publications were “ Elsevier ” (225 publications), “ Springer

Nature ” (80 publications), “ Amer Chemical Soc ” (74
publications), “ Wiley ” (58 publications), and “ Royal Soc
Chemistry ” (45 publications).
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FIGURE 7 | Co-citation analysis of citated sources. Node size suggests the citation amount. Settings in VOSviewer Analysis:Minimum number of citations of a
source: 20 (of the 4,772 sources, 378 meet the threshold) Method: Association strength; Layout: Attractions 6, Repulsion −1. Clustering: Resolution 1.00,
Min.cluster.size 1. (A) Network mapping of citated sources (four clusters). (B) Density mapping according to the citation amount of a source (yellow means more of a
source).

Co-citation Analysis of Cited Journals
A co-citation analysis of cited journals identifies the most
relevant sources cited by publications in the specified topic (15).
This analysis can identify the leading journals in the field of
CVD that cover ROS-based nanotechnology. In addition, it can
also offer information with regard to research topics in the
field of ROS–based nanotechnology in CVD, as indicated by
journal titles. With an analysis by means of the VOSviewer,
4,772 cited journals were referred by the 701 publications.
378 journals with employed the threshold at 20 citations were
used for co-citation analysis and presented in Figure 7. The
top 5 cited journals are Biomaterials (994 citations), ACS
nano (687 citations), Biosensors Bioelectronics (662 citations),
Circulation (617 citations) and Anal Chem (494 citations).
Most of the journals are associated with nanoscience while
cardiovascular-focused journals such as Circulation, J Clin
Invest, Circ Res, J Am Coll Cardiol or Cardiovasc Res. were
also recognized in our database. As can be inferred from the
clusters, the major fields of ROS-based nanotechnology in CVD
application lie in biomedicine (red color)-, biosensor (green)-
, toxicology (blue)- and biomaterials/nanomaterials (yellow)-
related science.

Research Hotspots in Reactive Oxygen
Species–Based Nanotechnology for
Cardiovascular Diseases Applications
In order to obtain a general understanding of the research
focuses of the ROS–based nanotechnology in CVD field, a co-
occurrence analysis of keywords was conducted by using VOS
viewer (Figure 8). A keyword co-occurrence landscape of 93
keywords, acquired from 701 publications, with a minimum
occurrence of 12 times, is presented. The top 10 most frequently
occurring keywords are oxidative stress (occurred 237 times),
nanoparticles (215 times), apoptosis (101 times), ROS (85 times),
inflammation (80 times), in vitro (72 times), toxicity (67 times),
hydrogen-peroxide (65 times), mechanisms (58 times), and gold

nanoparticles (56 times). Such high-frequency keywords indicate
that the major application of ROS–based nanotechnology in CVD
lies in oxidative stress, apoptosis, inflammation, mechanisms and
other theragnostic-related fields. In addition, three clusters in
different colors indicating different research fields were identified
and adjusted by the innate function of the VOSviewer. As
indicated, the largest red cluster, which is related to the regulation
of oxidative stress, was the most significant application of ROS–
based nanotechnology in CVD. The second biggest cluster was
colored in green, demonstrating the mechanism and toxicity of
nanomaterials for CVD. In addition, the third biggest cluster was
colored in blue, demonstrating the construction and functional
verification of novel nano materials based on ROS. Likewise, it
can be inferred from this result that ROS–based nanotechnology
in CVD is targeted mainly at diagnosis (sensor and), therapy
(oxidative stress, inflammatory and drug delivery) and safety
(toxicity) studies. Meanwhile, through the analysis of Figure 8B,
we also see that since 2019, the research on nanomedicine and
drug delivery has become a hotspot.

DISCUSSION

With the help of bibliometric analysis, this paper was given about
ROS-based nanotechnology for CVDs. Up to May 26th, 2020,
the total number of documents on this topic was 713. Finally,
only 701 documents, including original articles and reviews,
were used for bibliometric analysis. The publication output was
rich in the period from 2013 to 2021 and displayed an upward
trend. It is explicit that research on ROS-based nanotechnology
for CVD has advanced rapidly over the last decade. ROS-based
nanotechnology for CVD is predicted to remain a research
hotspot in the future. Among all the retrieved 701 articles, a
total of 22,032 citations was received with an average time cited
per document of 31.43. It was seen that the number of citations
has increased 4983-fold since 2005 to 2021, reflecting the rising
importance of this research area.
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FIGURE 8 | Co-occurrence analysis of all keywords with an occurrence frequency more than 12 (of the 3,922 keywords, 93 meet the threshold). Colors are used to
indicate clusters. Circle size is based on the number of occurrence. Settings in VOSviewer Analysis: Method: Lin Log/modularity; Resolution: 1.0; Minimum cluster
size: 2; Attractions:1; Repulsion:-1. (A) Network mapping of keywords of related studies (three clusters). (B) Overlay mapping of keywords according to average
publication year (blue means earlier, yellow means later). (C) Density mapping of keywords according to the frequency of appearance (yellow means more frequent).

In total, 41.45% of all these articles were from China, and
the Chinese Academy of Sciences takes the first rank position
in terms of publication numbers. Through analysis, we note
that China was also the leading country with the maximum
average citations. Additionally, India ranks third in the world
in terms of article output and h-index. In terms of institutional
contribution, the Chinese Academy of Sciences ranks first with
the highest document output. However, the League of European
Research Universities in the United States leads in terms of the
h-index, while the Council of Scientific Industrial Research in
India leads in terms of average citations. The achievements of two
developing countries with large populations (China and India) in
this field have greatly encouraged the innovation of global CVD
prevention and treatment technology.

Based on the funding source for these articles, we found
that China and the United States have the most funded
projects in this field. Accordingly, it also explains why China
and the United States have made great achievements in this
field. We speculate that nanotechnology has become a priority
for government funding in the two countries as a means of
safeguarding healthcare. It is admirable that Indian scholars
have received relatively few fund-supported projects, but their
literature output and quality are high. However, about 14.265%
of the articles were not funded by any funding agency. It is clear
that the significance of ROS-based nanotechnology for CVD is
still underappreciated in many countries.

Among the top 10 most productive journals out of 296 kinds
of journal involved, 7 of them were categorized in “ Chemistry”
or “ Materials,” while the remaining 3 were, respectively, listed
in “medicine” (n = 2), and “Comprehensive” (n = 1). Of the
top 10 research categories, 8 categories belong to the categories
of “chemistry or materials science,” while 2 categories belong
to the categories of “medicine.” From this analysis result, we
can infer that the application of ROS based nanotechnology in
the field of CVD is more reflected in innovation in the field of
chemistry and materials.

The top 5 journals with the largest number of articles
accounted for 68.76% of all the publications. Among them,
journals belonging to Elsevier publishers accounted for 32.097%.
“Amer chemical SOC” and “Royal SOC chemistry” are the
top journals in the professional field, and the number of
papers included accounts for 16.98% of the total. Through
further co-citation analysis of cited journals, we found
that the application of ROS based nanotechnology in CVD
mainly focuses on biomedicine, biosensors, toxicology, and
biomaterials/nanomaterials related science. So far, the analysis
results have proved that nanotechnology combines materials
science, chemistry, and biology and is involved in the diagnosis
and treatment of CVDs by sensing and regulating ROS levels (16).

Then, using keyword co-occurrence analysis, the research
focuses of ROS-based nanotechnology in the CVD field were
determined. The result shows that ROS-based nanotechnology
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FIGURE 9 | Representative ROS-responsive linkers that have employed for the design of ROS-responsive drug carriers. Printed with permission from Willey (19).
Copyright 2016.

in CVD is targeted mainly at diagnosis (sensor and), therapy
(oxidative stress, inflammatory, and drug delivery) and safety
(toxicity) studies. Additionally, the research on nanomedicine
and drug delivery has become a hotspot since 2019. Current
studies have demonstrated that oxidative stress is the key
mechanisms of CVDs (17). As one of the application means
of ROS-based nanotechnology, the drug delivery system acts
on cardiovascular lesions by targeting, thus more effectively
reducing oxidative damage and eliminating inflammation
(18). This abnormal biochemical change in CVDs has
prompted researchers to use unbalanced ROS levels to develop
target-specific drug delivery systems (14). ROS-based drug
delivery and nanomedicine will primarily focus on polymeric
nanoparticles, hydrogels, inorganic nanoparticles, and activatable
prodrugs integrated with diverse ROS-responsive moieties for
spatiotemporally controlled drug release for effective therapy
(19). The design goal of ROS-based nanomaterial is to match the
degradation rate and dynamic ROS concentration of the material
itself, which is very important for timely detection of signal
molecules, releasing drug loading as needed, and regulating
the growth and growth of transfer cells (20). By utilizing
ROS-responsive materials and linkers (Figure 9), various
ROS-responsive drug delivery systems have been developed
and investigated for therapeutic purposes. So, more research in

chemistry, materials, biology, and medicine is required to further
develop and construct ROS-based nanomaterials (21).

CONCLUSION

China, the United States, and India, 60 countries or
regions dominated by these three countries, have made
outstanding contributions to research in the field of ROS based
nanotechnology applied to CVDs. From the publication of
the first article in 2005 to 2021, the output and the number of
citations of articles are on the rise. The current research focuses
on the correlation between diagnosis (sensors and), treatment
(oxidative stress, inflammation, and drug delivery) and safety
(toxicity). Since 2019, research on nanomedicine and drug
delivery has become a hotspot. To further develop and construct
ROS-based nanomaterials, more research in chemistry, materials,
biology, and medicine is required.
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