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Abstract

Background Tumorimmunotherapy can not only eliminate the primary lesion, but also produce long-term immune
memory, effectively inhibiting tumor metastasis and recurrence. However, immunotherapy also showed plenty

of limitations in clinical practice. In recent years, the combination of nanomaterials and immunotherapy has brought
new light for completely eliminating tumors with its fabulous anti-tumor effects and negligible side effects.

Methods The Core Collection of Web of Science (WOSCC) was used to retrieve and obtain relevant literatures

on antitumor nano-immunotherapy since the establishment of the WOSCC. Bibliometrix, VOSviewer, CiteSpace,
GraphPad Prism, and Excel were adopted to perform statistical analysis and visualization. The annual output, active
institutions, core journals, main authors, keywords, major countries, key documents, and impact factor of the included
journals were evaluated.

Results A total of 443 related studies were enrolled from 2004 to 2022, and the annual growth rate of articles
reached an astonishing 16.85%. The leading countries in terms of number of publications were China and the United
States. Journal of Controlled Release, Biomaterials, Acta Biomaterialia, Theranostics, Advanced Materials, and ACS Nano
were core journals publishing high-quality literature on the latest advances in the field. Articles focused on dendritic
cells and drug delivery accounted for a large percentage in this field. Key words such as regulatory T cells, tumor
microenvironment, immune checkpoint blockade, drug delivery, photodynamic therapy, photothermal therapy,
tumor-associated macrophages were among the hottest themes with high maturity. Dendritic cells, vaccine, and T
cells tend to become the popular and emerging research topics in the future.

Conclusions The combined treatment of nanomaterials and antitumor immunotherapy, namely antitumor nano-

immunotherapy has been paid increasing attention. Antitumor nano-immunotherapy is undergoing a transition
from simple to complex, from phenotype to mechanism.
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Introduction

A total of 19.3 million new cancer patients were reported
worldwide in 2020, with more than 50% dead [1]. Cur-
rently, radical surgery is still considered as the most
effective treatment for solid tumors. As the early-stage
symptoms of many cancers are not typical, numerous
patients are already in the advanced stage when diag-
nosed and miss the timely surgical opportunity. Non-
surgical treatments of cancer consist of chemotherapy,
radiotherapy, targeted therapy, etc. However, the sin-
gle treatment method mentioned above always fails

to achieve satisfactory therapeutic efficacy [2]. Even
though the five-year survival rate of cancer patients has
improved in recent years [3], recurrence and metastasis
are consistently the number one killer of cancer patients.

In decades, tumor immunotherapy has drawn wide-
spread attention. Different from the traditional treat-
ments, tumor immunotherapy indirectly eliminates
tumor cells through regulating immune system rather
than directly targeting on tumors. Therefore, it can not
only eliminate the primary lesion, but also generate
long-term immune memory, thereby inhibiting cancer
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metastasis and recurrence [4]. So far, more than 3000
immunotherapeutic drugs have been approved by the
Food and Drug Administration (FDA) for the treatment
of various cancers [5]. Among them, the most famous
ones were immune checkpoint blockade (ICB) [6] and
chimeric antigen receptor-T cell (CAR-T) [7]. Nonethe-
less, only a minority of cancer patients showed satisfac-
tory responses to immunotherapy in clinical treatment.
Immunotherapy was observed less effective in the major-
ity of the population and even accelerated tumor pro-
gression [8, 9]. The following factors were inferred to
be responsible for the suboptimal efficacy: 1 The poor
immunogenicity of tumors. 2 The low expression level
of immunotherapy target. 3 Various immunosuppressive
factors in the tumor microenvironment. 4 Inhibition of
immune Kkiller cells (such as effector T cells) [4]. Con-
sequently, more and more researchers are seeking for a
novel combination treatment system, exploring the pos-
sibility to combine immunotherapy with therapies such
as radiotherapy, chemotherapy, and immunomodulators
[10, 11]. Although these combination therapies enhanced
the antitumor efficacy, at the same time the increased
incidences of severe side effects were also observed
[12]. Notably, the combination of nanomaterials and
immunotherapy has brought a new light for completely
eliminating tumors with fabulous anti-tumor effects and
negligible side effects.

Nanomedicine refers to the application of nanotech-
nology in medicine. Conventional nanomedicine refers
to intravenous injection of materials with a size of about
1-100 nm, which can passively or actively accumulate in
pathological areas. The materials or the loaded drugs act
at local lesions, realizing precise treatment with lower
drug dosage and lighter side effects. The tumor targeting
effects of nanomaterials are mainly achieved in two ways,
namely passive targeting and active targeting. Passive tar-
geting relies on the enhanced permeability and retention
(EPR) effect [13] while active targeting relies on target-
ing ligands (such as targeting peptides and antibodies)
on nanomaterials [14]. Given the promising future and
current limitations of immunotherapy, more and more
researchers have made efforts on exploring how to apply
nanomedicine technology into tumor immunotherapy
to create a novel combined therapy. In 1998, research-
ers discovered [15] that delivery of tumor antigens to
antigen presenting cells (APC) through poly-lactide-co-
glycolide (PLG) triggered a strong anti-tumor immune
response, which protected mice from P815 threat of
tumor cells. Similarly, a study by Murthy et al. [16] syn-
thesized an acid-sensitive microgel material, which could
be degraded in the acidic phagosome of APC, thereby
releasing protein antigens. Although the design of these
nanomaterials is relatively rudimentary from today’s
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perspective, it undoubtedly brought new light on nano-
immunotherapy for subsequent researchers. At present,
nano-immunotherapy is generally achieved through the
following three methods [17, 18]: 1 Target and eliminate
tumor cells, further causing immunogenic death. 2 Tar-
get the tumor immune microenvironment (TIME), such
as immune cells (macrophages, dendritic cells, T cells,
etc.) or immune-related pathways (such as PD-1/PD-L1,
CTLA-4, etc.). 3 Target the peripheral immune system,
such as promoting the production of APCs and cytotoxic
T cells in lymph nodes and spleen.

Scientometrics uses mathematical and statistical
methods to quantitatively analyze overall relevant docu-
ments in a certain period of time. Through scientomet-
rics, we can intuitively obtain the development trend in
concerned research field, as well as the contributions of
various authors, institutions, and countries to the field.
More importantly, scientometrics can predict the future
development direction of the field. In the past ten years,
more and more nanomaterials have been applied in anti-
tumor immunotherapy, which activated human autoim-
mune system through a variety of pathways. Therefore, in
this article scientometrics was adopted to further count
and analyze the key points of studies in nano-immuno-
therapy, so that researchers can more intuitively observe
the hot spots and prospective development directions of
anti-tumor nano-immunotherapy.

Materials and methods

Data collection and retrieval strategy

The Core Collection of Web of Science (WOSCC) was
used to retrieve and obtain relevant literatures on anti-
tumor nano-immunotherapy since the establishment of
the WOSCC. All articles were retrieved on the same day
to prevent partial results confusion due to rapid updates
of subsequent publications. The search string applied
was: (Topic=[“Tumor” OR “Neoplasm” OR “Cancer” OR
“Neoplasias” OR “Malignancy”]) AND Topic="“Nano”
AND Topic="“Immune”. According to the above retrieval
formula, 893 potentially relevant papers were obtained.
The following exclusion criteria was adopted to arrive
at the final number of records to be analyzed: 1 Litera-
ture not related to the subject. 2 Non-English literature.
3 Documents without a complete research process such
as conferences and comments. Thereafter, the authors
looked through the titles and abstracts and screened
out 364 irrelevant records. After reading the full text,
authors further screened out 86 articles. Finally, a total
of 443 records including 294 articles and 149 reviews
were considered for the final analysis. The bibliometric
information of 443 articles collected include: title, pub-
lication year, author, country/region, affiliation, journal,
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keywords, keywords plus, number of citations and refer-
ence records, abstract, Impact Factor (IF), etc.

Statistical analysis

The data was exported in plain text format as well as in
RIS format. The file in plain text was imported to Bibli-
oshiny for bibliometrix (online website based on Biblio-
metrix 4.1.0), and the processed excel file including title,
publication year, author, country/region, affiliated insti-
tution, periodical, keywords, keywords plus, cited times
and reference records, abstract and other information
was exported for further analysis and interpretations. In
addition, the file in RIS format was imported into Note-
Express software, and the file in Excel format (including
the IF of the concerned records) was exported. Finally,
the final version was obtained after merging the two
Excel files. The statistical analysis of this study is based on
the comprehensive table (Additional file 6: Table S1).

The above collated data was imported into the R lan-
guage-based Bibliometrix 4.1.0 package, VOSviewer (ver-
sion 1.6.18), CiteSpace (version 5.8.R2) and Excel (version
2019) to perform statistical analysis and visualization.

Bibliometrix [19, 20] is a bibliometric statistics and
visualization tool based on R language, which has been
adopted by more than a thousand bibliometric papers.
Strategic diagram is a two-dimensional diagram con-
structed with the density index as the ordinate and the
centrality index as the abscissa. Larger Density index
indicates a higher maturity of the topic. Larger Centrality
index indicates that the topic is closely related to other
topics and that the topic is at the core of all research top-
ics [21, 22].

Vosviewer [23, 24] software was used to make density
visualization of keywords co-occurrence. Each point on
the map is filled with color according to the density of the
elements around the point. The higher the density, the
closer the color is to the red; on the contrary, the lower
the density, the closer the color is to the blue. Density is
positively correlated with the number of elements in the
surrounding area and the importance of those elements.
CiteSpace [25, 26] software was used for cluster analy-
sis of keywords and time axis view visualization of key-
words. In CiteSpace, Modularity Q>0.3 and Weighted
Mean Silhouette > 0.5 indicate that the clustering results
are convincing enough.

All radar charts, histograms, line charts and scatter
plots were analyzed using Excel 2019. All violin plots
were analyzed by GraphPad Prism 8. All heat maps
including correlation heat maps were performed using
the OmicStudio tools (https://www.omicstudio.cn/tool)
[27]. Journals’ Impact Factor was retrieved from the 2020
Journal Citation Reports (JCR). P<0.05 was considered
statistically significant.
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Results

General overview

A total of 34 countries published relevant literature on
antitumor nano-immunotherapy (Fig. 1A, Additional
file 7: Table S2). The top six countries with the largest
number of publications were China (208), the United
States (82), South Korea (21), Iran (17), India (17) and
Japan (13) (Fig. 1B). The country of relevant documents
was based on the country of the corresponding author
and the first author. The number of studies on antitu-
mor nano-immunotherapy has grown exponentially
in recent years, and we speculated that the growth rate
of related literature would still increase in the next few
years (Fig. 1C). In addition to the first author and the
corresponding author, every author contributed a lot to
the paper. Therefore, we completely agreed with your
suggestions. We included the entire authors of the arti-
cle and further counted the total number of authors in
each country to evaluate the contribution of the coun-
try (Additional file 1: Fig. S1, Additional file 7: Table S3).
Additional file 2: Fig. S2 Showed the top six countries
contributing to this field. Additional file 3: Fig. S3 showed
the cooperation between different countries.

Ten institutions have published more than 20 relevant
papers: Sichuan University (Sichuan Province, China, 30),
Taipei Medical University (Taiwan Province, China, 28),
Wuhan University (Hubei Province, China, 27), Nanjing
University (Jiangsu Province, China, 26), North Caro-
lina State University (North Carolina, USA, 25), Mash-
had University of Medical Sciences (Reza Khorasan, Iran,
25), Soochow University (Jiangsu, China, 23), University
of California, Los Angeles (California, USA, 22), Shang-
hai Jiaotong University (Shanghai, China, 21), South
China University of Technology (Guangdong, China, 21)
(Fig. 1D). We also selected the affiliated institution of
the first corresponding author for the follow-up analysis
(Additional file 4: Table S4). As numerous different insti-
tutions may exist in one article, we thought the affiliated
institution of the first corresponding author could be
most representative. The total number of citations of rel-
evant researches in China (4504) and the United States
(4282) were far ahead of other countries. The average
number of citations in the Spanish literature was 133.8,
ranking firmly in the first place. Meanwhile, the average
number of citations the United States was 53.5, and that
of China was only 21.2 (Fig. 1E).

Among all relevant records, the total number of
authors of experimental articles (8.61) was significantly
larger than that of review literature (5.05) (Fig. 2A). The
number of references in the review literatures (156.8)
was much greater than that in the experimental papers
(56.77) (Fig. 2B). Studies with more than 20 citations had
more references (Fig. 2C). Both experimental articles and
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review articles have increased rapidly in recent years, and
the total number and growth rate of experimental arti-
cles are greater than that of review literatures (Fig. 2D).
In the relevant articles published in China and the United
States, the number of experimental articles was about
twice that of review literature. However, review litera-
tures accounted for the vast majority of articles published
in other countries (Fig. 2E). For the above six countries
with the largest number of publications, about 38% of the
articles published in the United States were completed by
multiple countries, while the proportion of articles pub-
lished in Iran was only 12% (Fig. 2F).

Journal correlation analysis

The journal co-citation network showed that papers
in the field of anti-tumor nano-immunotherapy was
mainly published in two types of journals (Fig. 3A).
The red colour represents journals of materials science,

while the blue parts were mainly medical journals.
We found that the co-citations between the two clus-
ters were abundant, which was consistent with the
theme of nanomaterials for tumor immunotherapy. In
the past five years, the two journals, Journal of Con-
trolled Release and Biomaterials, have seen the fastest
growth in the number of articles published in related
fields (Fig. 3B). Figure 3C shows that the Journal of
Controlled Release published by Netherlands published
the highest number of records on the subject (a total
of 28 published records, 2021 IF=11.467), followed
by Biomaterials published by Netherlands (26 publi-
cations in total, 2021 IF=15.304), and Acta Biomate-
rialia published by England (a total of 16 publications,
2021 IF=10.633). There were three journals with the
fourth largest number of publications, each publish-
ing 11 articles, namely Theranostics (2021 IF=11.6),
Advanced Materials (2021 IF =32.086), and ACS Nano
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(2021 IF=18.027). It is worth mentioning that the top
20 journals by publication volume belonged to the Q1
division (2021 JIF quartile), and the impact factor of
each of the top-ranked journals was above 10. There-
fore, it can be concluded that the idea of antitumor
nano-immunotherapy is generally recognized by high-
quality journals. On the other hand, the top five jour-
nals cited articles under study are: Biomaterials, ACS
Nano, Journal of Controlled Release, Advanced Materi-
als, Nature Communications (Fig. 3D). The top 20 jour-
nals included many top journals in the industry, such
as Nature, Science, Cell, Advanced Materials, Nature
Reviews Immunology, Nature Nanotechnology, etc.
This reflects that the theoretical foundation of antitu-
mor nano-immunotherapy was solid.

A
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Author related analysis

We calculated the H index and the citations for different
authors in articles relevant to this filed, and all analyses
were performed only in the 443 included articles. There
are many experts and scholars majoring in the field of
antitumor nano-immunotherapy. A total of 2571 authors,
averaging 7.41 authors per article contributed to records
under study. Amongst them, the top 3 authors were LIU
Y (15 papers), HUANG L (13 papers), and WANG Y (12
papers) (Fig. 4A). The top three authors with the highest
local H-index were HUANG L (11), WANG C (9), and
LIU Y (6) (Fig. 4B). The top three authors cited most by
local literature were HUANG L (48), LIU Y (30), LIU XS
(29) (Fig. 4C). The heat map of the annual publication
volume of the top 20 authors is shown in Fig. 6D. The
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author co-citation network is shown in Fig. 6E. It can be
seen that the key authors in the field of nanomaterials
applied to tumor immunotherapy included Prof. Yang Liu
(Nankai University, China), Prof. Leaf Huang (University
of North Carolina at Chapel Hill, USA) and Prof. Chao
Wang (Soochow University, China).
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Keywords correlation analysis

The cloud map of keywords (Fig. 5A) shows that den-
dritic cells, delivery, cancer, T cells, immunotherapy, and
photodynamic therapy were the key research directions
for the application of nanomaterials in tumor immuno-
therapy. The keywords density map (Additional file 4:

B

autophagy
immunogenic cell-death

tumor-associated macrophages
targeted delivery
natural-killer-cells

Iymphocytes
cdd(+) tecells
bi nmodic pplications

ice <]
2010 2012 2014 2016 2018 2020 2022

Frequency of keywords

0 = T
BT S L SR UL\ R L\ 1

= nanoparticles = dendritic cells

—delivery cancer
—therapy = drug-delivery
—t-cells = in-vivo

= immunotherapy = cells

Fig. 5 Keywords correlation analysis. A Word cloud of keywords. B Annual trend chart of keywords changes. C The top twenty keywords
with the highest frequency. D Annual line chart of keywords frequency changes
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Fig. S4) showed that in addition to the above keywords,
immune checkpoint blockade, chemotherapy, tumor
microenvironment, immune response, etc. were also hot
research topics in related fields. The top five keywords
with the highest frequency of occurrence are (Fig. 5C):
nanoparticles (87), dendritic cells (83), delivery (68), can-
cer (62), therapy (54). The annual term frequency line
chart of keywords included in the literature showed that
the usage of above keywords has grown rapidly in recent
years (Fig. 5D). Through the correlation heat map (Addi-
tional file 5: Fig. S5), we concluded that immunotherapy
is most closely related to keywords, such as immune
checkpoint blockade (correlation coefficient=0.71), pho-
todynamic therapy (correlation coefficient=0.65), pho-
tothermal therapy (correlation coefficient=0.57), T cells
(correlation coefficient=0.58), tumor-associated mac-
rophages (correlation coefficient=0.52), tumor microen-
vironment (correlation coefficient=0.47), immunogenic
cell death (correlation coefficient=0.43), etc. In addi-
tion, dendritic cells were closely related to vaccine (cor-
relation coefficient=0.46), and photodynamic therapy
was closely related to checkpoint blockade (correlation
coefficient=0.33).

The annual main keywords evolution chart reveals
(Fig. 5B) that the main keywords in 2022 was autophagy;
2021 included immunogenic cell death, tumor-asso-
ciated macrophages, targeted delivery, natural killer
cells, hypoxia, antitumor-activity, antibody and in 2020
included delivery, T cells, etc. The main keywords in 2019
included dendritic cells, drug delivery, regulatory T cells,
etc. The earlier keywords included vaccine delivery, anti-
gen cross-presentation, cd4(+) t-cells, etc.

The co-occurrence analysis of keywords shows
(Fig. 6A) that keywords were divided into 12 clusters,
represented by different colors. Amongst them, Modu-
larity Q=0.5624 and Weighted Mean Silhouette=0.7886
indicated that the clustering results were convincing
enough. We found that the representative words of the
first three clusters were: antigen, cancer immunotherapy,
dendritic cells. Based on the above clustering, we further
obtained an evolution timeline of keywords clustering
(Fig. 6B). As shown in Fig. 6C, some studies have been
enduring in recent years, such as drug-delivery and den-
dritic cells.

Strategic diagram of the sub-period (Fig. 6D) showed
that regulatory T cells, tumor microenvironment,
immune checkpoint blockade, drug-delivery, photody-
namic therapy, photothermal therapy, tumor-associated
macrophages, etc. located in the Motor Themes quad-
rant, indicating that the above keywords were the core
theme with high maturity. In addition, dendritic cells,
vaccine, and T cells were located in the Basic Themes
quadrant, which demonstrated that the above keywords
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were important but the current research was not enough,
so the above topics may become research hotspots or
future development trends.

Country related analysis

In fact, cooperation among authors of different countries
in this field is very common, with the proportion of inter-
national cooperation in the included literature being as
high as 28.67%. As a representative of developed coun-
tries, the United States has cooperated with a number
of developed and developing countries, such as China,
South Korea, India, Egypt, Saudi Arabia, Argentina, Iran,
Israel, Spain, Portugal and so on. The United States and
China, as the leaders in this field, have maintained close
cooperation with the rest of the world, which is particu-
larly crucial to the common progress of global medicine.
In addition, developing countries such as India, Iran,
Egypt, Saudi Arabia and Romania also play an increas-
ingly important role in this field. With the joint efforts of
both developed and developing countries, this field will
move towards a better future.

The country of the document was based on the country
of the corresponding author. If there were corresponding
authors affiliated with institutions in different countries,
the country of the first author shall prevail. Researches in
the field of antitumor nano-immunotherapy were mainly
carried out in China and the United States. The rest of the
countries published less papers and were not further ana-
lyzed. The heat map of the number of papers published
by each province in China (Fig. 7A) showed that the
provinces of related fields were mainly distributed in the
southeastern provinces, of which Jiangsu Province (31),
Shanghai (22), and Guangdong Province (17) contributed
the most. The heat map of the number of publications by
provinces in the United States (Fig. 7E) showed that the
publications of related fields were mainly distributed on
the east coast, of which North Carolina (16), Michigan
(9), and California (9) contributed the most.

In the field of antitumor nano-immunotherapy,
research hotspots shared by China and the United States
included dendritic cells, delivery, T cells, and combi-
nation. There were some unique research hotspots in
China: immune checkpoint blockade, photodynamic
therapy, and immunogenic cell death. The US-specific
research hotspot was expression (Fig. 7B, F).

The number of articles related to China and the United
States has grown rapidly in 2022. Among them, the num-
ber of publications in China showed an exponential rise
between 2013 and 2021, while the United States showed
a linear growth (Fig. 7C, G). The top five institutions in
China for publishing papers included SICHUAN UNIYV,
NANJING UNIV, TAIPEI MED UNIV, WUHAN UNIV,
and SOOCHOW UNIV. The top five institutions in the
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Fig. 7 The development differences between China and the United States in this field. The number of publications in different regions of China
(A) and America (E). The word cloud map of China (B) and America (F). The growth curve of publication volume in China (C) and America (G). The
top five institutions in terms of publication volume in China (D) and America (H). | The differences in impact factor between Chinese and American
literature. J The differences in impact factor between different types of papers in China and America
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United States included UNIV N CAROLINA, UNIV
CALIF LOS ANGELES, UNIV MICHIGAN, UNIV
PITTSBURGH, and JOHNS HOPKINS UNIV (Fig. 7D,
H).

Adopting IF as an evaluation indicator, the quality of
papers in China and the United States were similar. The
average IF of American articles was 11.84, while the aver-
age IF of Chinese articles was 10.74, and there was no
significant statistical difference between the two (Fig. 7I).
In addition, there was also no statistical difference in IF
between review articles and experimental articles in
China and the United States (Fig. 7]).

Correlation analysis of key papers

The application of nanomaterials in tumor immuno-
therapy has received extensive attention and citations.
Among them, Pérez-Herrero E [28] summarized the

A
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advantages and limitations of many nanocarriers loaded
with different chemotherapeutic drugs in tumor treat-
ment. The study was cited 752 times in total (Fig. 8B) and
20 times in local literature (Fig. 8A). At the same time,
the number of annual citations of this research have con-
tinued to grow in recent years (Fig. 8C). Yang G et al.
[29] developed a Hollow MnO,-based nano-platform
H-MnO,-PEG/C&D combined with anti-PD-L1, which
can activate tumor immunity in mice and significantly
inhibit primary tumors and metastatic tumors. The paper
has been cited 698 times in total (Fig. 8B), 224 times last
year alone, and the degree of attention has increased year
by year (Fig. 8C).

Lu J et al. [30] designed a nano-platform OX/
IND-MSNP, in which phospholipid bilayer-wrapped
mesoporous silica nanoparticles were simultaneously
loaded with oxaliplatin and immunostimulatory drugs.

B
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This nanoparticle could effectively induce tumor immu-
nogenic cell death (ICD) and trigger the antigen presen-
tation of dendritic cells, further inducing the activation
of T cells and tumor immune memory. Lu J’s paper was
cited 26 times (Fig. 8A). Li SY et al. [31] constructed
nanoparticles to deliver CTLA-4 siRNA (NPsiCTLA-4)
and showed the ability of this siRNA delivery system to
enter T cells both in vitro and in vivo, eliminating the
immunosuppression in the tumor microenvironment. Li
SY’s paper was cited 18 times (Fig. 8A). In addition, there
were also rich citation relationships between these key
literatures (Fig. 8D).

In addition to the articles mentioned above, the fol-
lowing papers also ranked in the top ten citations in this
field. Jain RK [32] found that the tumor-associated hema-
tological and lymphatic vasculature, fibroblasts, immune
cells, and extracellular matrix were abnormal, which
together created a hostile tumor microenvironment.
However, vascular normalization can convert the immu-
nosuppressive tumor microenvironment into an immu-
noactivated tumor microenvironment, and improve the
efficacy of immunotherapy via increasing blood flow and
oxygenation. Corbo C et al. [33] observed that nanoma-
terials interacted with biological components and sur-
rounded with a protein corona (PC) while be injected
in physiological environments such as blood. This can
trigger an immune response and affect the toxicity and
targeting ability of the NP. Moon JJ et al. [34] reviewed
the advanced findings of the nanoparticle developments
for immunotherapy and diagnosis. Nanomaterials used
in the tumor microenvironment or in systemic lymph
nodes showed satisfying potential. Moreover, strate-
gies to actively target cancer therapeutic agents to the
tumor microenvironment using immune cells them-
selves as delivery vehicles were also very interesting.
Hamdy S et al. [35] reviewed the applications of poly (D,
L-lactic-co-glycolic acid) nanoparticles (PLGA-NPs) in
cancer vaccine delivery systems. PLGA-NPs containing
antigens or immunostimulatory molecules can not only
actively target DC, but also rescue impaired DC from
tumor-induced immune suppression. Singh A et al. [36]
raised an emerging immunomodulation idea based on
hydrogel and scaffold, which can be perfectly applied in
a variety of tumors. In addition, hydrogels and stents can
also perform well in diseases other than the tumors, such
as chronic infections and autoimmune diseases. Zhu G
et al. [37] reviewed the vaccines for cancer immunother-
apy by synthetizing nanoparticles or naturally derived
nanoparticles. Nanovaccines can effectively co-deliver
immune-activating adjuvants and multiepitope antigens
into lymphoid organs and antigen-presenting cells, fine-
tuning the intracellular release and cross-expression of
the antigen by nano vaccine engineering. von Roemeling
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C et al. [38] discovered that as immunotherapy became
increasingly important in clinical oncology, the strate-
gies utilizing the interactions between nanomaterials
and various components of the immune system provided
possibilities for exploring novel immune adjuvants to
exert enhanced antitumor effects.

Correlation analysis of impact factor

Correlation analysis showed that the impact factor of a
study was positively correlated with the number of cita-
tions (Fig. 9A) and the number of references (Fig. 9B).
The average number of authors of papers with an impact
factor above 10 was significantly larger than that of
papers with an impact factor of less than 10 (Fig. 9C).
The average impact factor of the experimental literature
(IF=10.36) was greater than that of the review literature
(IF=9.04), however there was no statistical difference
between the two (P=0.055) (Fig. 9D). The impact factor
of articles published in recent years has improved sig-
nificantly, as compared with that before 2015 (Fig. 9E),
and this was also considered to be related to the overall
increase in impact factor.

Discussion

In the early twenty-first century, researches apply-
ing nanomaterials in tumor immunotherapy emerged
gradually. Initially, this novel idea failed to draw much
attention, and the average annual number of relevant
publications was not more than 10. Nevertheless, 2015
turned out to be a turning point. With researchers’ reali-
zation of the promising potential that nanomaterials have
on facilitating tumor immunotherapy efficacy, this field
soon became hot and be further excavated by research-
ers. It’s known that the number of published papers can
be regarded as the most important indicator of whether
and when a field becomes a research hotspot. The num-
ber of publications in this research field in 2021 was
126, exhibiting in the highest number of publications on
this subject in a year. Moreover, the annual growth rate
of relevant publications from 2004 to 2022 was found
to be 16.85%. Among the 443 publications under study,
the international cooperation accounted for 28.67%. The
top six countries with the largest number of publications
were China, the United States, South Korea, Iran, Japan
and India. China’s publication volume of 213 articles far
exceeded that of other countries, but its citation rate was
not optimistic. Notably, the United States just followed
China in the number of publications but its research
results were highly recognized in the peer field. The top
five institutions in terms of publication volume world-
wide were Sichuan University, Taipei Medical University,
Wuhan University, Nanjing University, and North Caro-
lina State University. This suggests that the recognition
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of antitumor nano-immunotherapy has continued to
increase in recent years. The authors speculated that
the number of the articles involving in antitumor nano-
immunotherapy would persistently increase. Addition-
ally, it is believed that various countries would tightly
cooperate and make progress in this field.

The majority of the researches related with antitumor
nano-immunotherapy have been published in the Jour-
nal of Controlled Release (2021 IF=11.467), Biomaterials
(2021 IF =15.304), Acta Biomaterialia (2021 IF=10.633),
Theranostics (2021 IF=11.6), Advanced Materials (2021
IF =32.086) and ACS Nano (2021 IF=18.027). All threse

journals had the impact factor above 10. Furthermore,
the top 20 journals in publication volume belonged to Q1
division (2021 JIF quartile), demonstrating that related
researches were of high quality and generally recognized
by top journals.

Keywords analysis revealed that nanoparticles, dendritic
cells, delivery, cancer, T cells, immunotherapy, photody-
namic therapy, immune checkpoint blockade, chemo-
therapy, tumor microenvironment, and immune response
were steering the research filed. A significant correla-
tions existed between the keywords immunotherapy and
immune checkpoint blockade, photodynamic therapy,
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photothermal therapy, T cells, tumor-associated mac-
rophages, tumor microenvironment and immunogenic
cell death, with correlation coefficient > 0.4. Thus, it can be
inferred that the key therapies for antitumor nano-immu-
notherapy mainly consisted of immune checkpoint block-
ade, photodynamic therapy, photothermal therapy and
vaccine. Immune cells (including dendritic cells, T cells,
macrophages, etc.) in the tumor microenvironment were
modulated to exert stronger injuring effects on tumors
in situ or more effective immune clearance effects on met-
astatic lesions. In addition, there were differences in the
focus of the studies in different years. The main keywords
in 2019 included dendritic cells, drug-delivery, regulatory
T cells, etc. The main keywords in 2020 consisted of deliv-
ery, T cells, etc., whereas keywords in 2021 comprised of
immunogenic cell-death, tumor-associated macrophages,
targeted delivery, natural killer cells, hypoxia, antitumor-
activity, antibody, etc.

Emerging evidence proved that dendritic cells played
an indispensable role in antitumor nano-immunotherapy.
It has now been established that the tumor cell death in
the primary site can release tumor-associated antigens
(TAAs) [39]. Dendritic cells are capable of capturing
these antigens, and then present these antigens to the
T cell receptor via a major histocompatibility complex
(MHC) after migrating to immune organs such as spleen
or lymph nodes. Ultimately, T cell-mediated long-term
tumor immune are successfully triggered [40]. Accord-
ing to relevant studies in this filed, the key steps in the
immune network could be summarized into 3 points as
follows [41]: (1) In the killed tumor cells, calreticulin is
transferred from the endoplasmic reticulum to the cell
surface, which strongly attracts dendritic cells, further
inducing phagocytosis of dendritic cells. (2) Release of
high mobility group box 1 (HMGB1) activates dendritic
cells mediated by toll-like receptor 4 (TLR-4). (3) Release
of ATP stimulates P2X7 purinergic receptors on den-
dritic cells, triggering inflammasome, IL-1f secretion
and CD8" T cell priming. Although dendritic cells have
been regarded as core theme with high maturity (Motor
Themes quadrant), more researches are still needed to
further seek underlying core mechanisms.

Furthermore, the delivery of nanomaterials remains a
key issue and urgent to be solved in this field [2]. Cur-
rently, nanomaterials are generally delivered into tumor
tissues through the EPR effect, which is defined as pas-
sive drug delivery. The size, shape, and surface charge
of nanoparticles are vital factors for the efficiency of
drug delivery systems [42, 43]. However, the efficacy and
safety of the EPR effect have been controversial in recent
years [44, 45]. Recent statistical research revealed that
merely 0.76% of the intravenous nanomaterials smoothly
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reached solid tumors [46]. Notably, active targeting has
shown effective effects on ameliorating intracellular
uptake to a certain extent. Nonetheless, limited perme-
ability of nanomaterials in tumor tissues turned out to
be an unsolved problem in the process of active target-
ing [47]. Researches have shown that active targeting per-
forms better in hematological cancers in which barrier
to systemic circulation is relatively small [48]. A study by
Setyawati et al. [49] identified a novel form of endothe-
lial leakage, termed nanomaterial induced endothelial
leakage (NanoEL). NanoEL-induced endothelial leakage
depends on the disruption of vascular endothelial-cad-
herin (VE-cadherin), coupled with actin remodeling and
cell contraction, to expand the intercellular space. Stud-
ies have indicated that TiO,, Au and SiO, nanoparticles
have significant effect on inducing the leakage of breast
cancer endothelial cells [50]. Compared with the EPR
effect relied on abnormal angiogenesis in mature solid
tumors, nanomaterials can induce NanoEL effect by vir-
tue of their own inherent capabilities. It can therefore be
conferred that well-designed nanomaterials are capable
of actively inducing leakage of vascular endothelial cells
to cross blood vessels and accumulating substantially
in tumor tissues, independent of tumor type and stage.
However, there are series of side effects of NanoEL effect-
induced vascular endothelial leakage: facilitating tumor
circulatory metastasis, aggravating bacterial infection,
promoting edema and thrombus formation, etc. In sum-
mary, the delivery of nanomaterials has always been a
momentous part in nanomedicine field, which deserves
deeper exploration.

The evolution of keywords reflected that the applica-
tion of nanomaterials in immunotherapy underwent a
transformation from simple into complex, phenotype
into mechanism. For instance, early researches mainly
concentrated on the tumor-killing effects of the material.
Now we tend to pay more attention to the targeted deliv-
ery of nanomaterials, the synergistic effects of multiple
anti-tumor therapies, the regulation of nanomaterials on
the tumor microenvironment, and the internal mecha-
nisms of tumor immunity. We ultimately summarize and
list three mainstreams for the application of nanomateri-
als to tumor immunity: (1) Targeting tumor cells [39, 41]:
Nanomaterials induce ICD and further release TAAs. As
an important trigger and enhancer of anti-tumor immu-
nity, nanomaterials facilitate the antigen presentation
of APC. ICD can be induced by certain types of chem-
otherapeutic drugs (such as doxorubicin, oxaliplatin,
cyclophosphamide and so on), as well as by radiation
therapy, photodynamic/photothermal therapy, and other
methods. (2) Targeting TIME [51, 52]: Immunosuppres-
sive pathways and mediators are always upregulated in
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TIME. For example, increased infiltration of immuno-
suppressive cells including regulatory T cells (Tregs),
myeloid-derived suppressor cells (MDSC) and M2 mac-
rophages have been detected. Soluble inhibitors such as
indoleamine 2,3 dioxygenase (IDO), transforming growth
factor-beta (TGF-beta) are also increased. Nanomaterials
reverse the immunosuppressive TIME and regulate the
infiltration, proliferation, maturation, and activation of
T cells to further polish up the immunotherapy efficacy.
(3) Targeting the peripheral immune system [53, 54]:
Nanomaterials promote anti-tumor immune responses
through enhancing antigen presentation and generation
of cytotoxic T cells in secondary lymphoid organs (such
as lymph nodes and spleen), as well as modulating and
augmenting peripheral effector immune cell populations.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512951-023-02278-3.

Additional file 1: Figure S1. Country scientific production.
Additional file 2: Figure S2. The 6 countries that contributed the most.
Additional file 3: Figure S3. World collaboration map.

Additional file 4: Figure S4. The keywords density map for different time
periods. A 2004-2016, B 2017-2018, C 2019-2020, D 2021-2022.

Additional file 5: Figure S5. Correlation heat map between keywords.

Additional file 6: Table S1. Characteristic information form of all included
papers.

Additional file 7: Table S2. Publication status of papers in all countries.
Table S3. The contribution value of all countries. Table S4. Institutions
that have published more than one related paper.

Acknowledgements
Not applicable.

Author contributions

Conceptualization: WC, GDC, MMX, BC. Methodology: WC, MYJ, WGZ.
Software: WC, MYJ, WGZ, KY. Formal analysis: WC, MYJ, YXC. Investigation: WC,
WGZ, JJC. Data curation: WC. Project administration: WC, MYJ, WGZ. Writing—
original draft preparation: WC, MYJ, YXC. Writing-review and editing: WC, MYJ,
JJC.Visualization: WC, WGZ, KY. Funding acquisition: GDC, BC, MMX.

Funding

This work was supported by the mission book of promotion program of basic
and clinical collaborative research of Anhui Medical University (2022xkjT028),
the Anhui Provincial Natural Science Foundation (2208085MH240), the
Scientific Research Project of Anhui Provincial Department of Education
(2022AH051167), the Anhui Quality Engineering Project (2020jyxm0898,
2020jyxm0910, 2021jyxm0727), the Anhui Medical University Clinical
Research Project (2020xkj176), the Anhui Health Soft Science Research Project
(2020WR01003).

Availability of data and materials

The original contributions presented in the study are included in the article/
Supplementary Material. Further inquiries can be directed to the correspond-
ing authors.

Page 17 of 18

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that no competing or competing interests exist.

Author details

"Department of General Surgery, First Affiliated Hospital of Anhui Medical
University, Hefei 230022, People’s Republic of China. 2Department of General
Surgery, Anhui Public Health Clinical Center, Hefei 230011, People’s Republic
of China. *Department of Surgery, The People’s Hospital of Hanshan County,
Ma'anshan 238101, People’s Republic of China.

Received: 20 June 2023 Accepted: 17 December 2023
Published online: 13 January 2024

References

1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram |, Jemal A, Bray
F. Global cancer statistics 2020: GLOBOCAN estimates of Incidence and
Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin.
2021;71:209-49.

2. CaoW,Jin M, Yang K, Chen B, Xiong M, Li X, Cao G. Fenton/Fenton-like
metal-based nanomaterials combine with oxidase for synergistic tumor
therapy. J Nanobiotechnol. 2021;19:325.

3. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2021. CA Cancer
JClin. 2021;71:7-33.

4. Phuengkham H, Ren L, Shin IW, Lim YT. Nanoengineered immune niches
for reprogramming the immunosuppressive tumor microenvironment
and enhancing cancer immunotherapy. Adv Mater. 2019;31:21803322.

5. XinYJ, Hubbard-Lucey VM, Tang J. Immuno-oncology drug development
goes global. Nat Rev Drug Discov. 2019;18:899-900.

6. Buchbinder El, Hodi FS. Melanoma in 2015: Immune-checkpoint block-
ade—durable cancer control. Nat Rev Clin Oncol. 2016;13:77-8.

7. Bach PB, Giralt SA, Saltz LB. FDA approval of tisagenlecleucel: promise and
complexities of a $475 000 cancer drug. JAMA. 2017;318:1861-2.

8. O'Donnell JS, Teng M, Smyth MJ. Cancer immunoediting and resistance
to T cell-based immunotherapy. Nat Rev Clin Oncol. 2019;16:151-67.

9. Ledford H. Promising cancer drugs may speed tumours in some patients.
Nature. 2017;544:13-4.

10. Weichselbaum RR, Liang H, Deng L, Fu YX. Radiotherapy and immuno-
therapy: a beneficial liaison? Nat Rev Clin Oncol. 2017;14:365-79.

11. Emens LA, Middleton G.The interplay of immunotherapy and
chemotherapy: harnessing potential synergies. Cancer Immunol Res.
2015;3:436-43.

12. Gangadhar TC, Vonderheide RH. Mitigating the toxic effects of anticancer
immunotherapy. Nat Rev Clin Oncol. 2014;11:91-9.

13. Matsumura Y, Maeda H. A new concept for macromolecular therapeutics
in cancer chemotherapy: mechanism of tumoritropic accumulation of
proteins and the antitumor agent smancs. Cancer Res. 1986;46:6387-92.

14. Cao G, CaoW, Zhang J, Chen Q, Chen J, Chu Q, Sun Q, Xiong M, Chen B, Li
X. Mesothelin targeted nano-system enhanced chemodynamic therapy
and tirapazamine chemotherapy via lactate depletion. Nano Res. 2023.
https://doi.org/10.1007/512274-022-5301-7.

15. Raychaudhuri S, Rock KL. Fully mobilizing host defense: building better
vaccines. Nat Biotechnol. 1998;16:1025-31.

16. Murthy N, Xu M, Schuck S, Kunisawa J, Shastri N, Fréchet JM. A macro-
molecular delivery vehicle for protein-based vaccines: acid-degradable
protein-loaded microgels. Proc Natl Acad Sci U S A. 2003;100:4995-5000.

17. ShiY, Lammers T. Combining nanomedicine and immunotherapy. Acc
Chem Res. 2019;52:1543-54.


https://doi.org/10.1186/s12951-023-02278-3
https://doi.org/10.1186/s12951-023-02278-3
https://doi.org/10.1007/s12274-022-5301-7

Cao et al. Journal of Nanobiotechnology

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34

35.

36.
37.

38.

39.

40.

41.

(2024) 22:30

Sun Q, Barz M, De Geest BG, Diken M, Hennink WE, Kiessling F, Lammers
T, ShiY. Nanomedicine and macroscale materials in immuno-oncology.
Chem Soc Rev. 2019;48:351-81.

Aria M, Cuccurullo C. bibliometrix: an R-tool for comprehensive science
mapping analysis. J Informetr. 2017;11:959-75.

Durieux V, Gevenois PA. Bibliometric indicators: quality measurements of
scientific publication. Radiology. 2010;255:342-51.

Cobo MJ, Lopez-Herrera AG, Herrera-Viedma E, Herrera F. An approach
for detecting, quantifying, and visualizing the evolution of a research
field: a practical application to the Fuzzy Sets Theory field. J Informetr.
2011;5:146-66.

Aria M, Misuraca M, Spano M. Mapping the evolution of social research
and data science on 30 years of social indicators research. Soc Indic Res.
2020;149:803-31.

Shi'S, Lv J, Chai R, Xue W, Xu X, Zhang B, Li Y, Wu H, Song Q, Hu Y. Oppor-
tunities and Challenges in cardio-oncology: a bibliometric analysis from
2010 to 2022. Curr Probl Cardiol. 2010;2022:101227.

Shen J, Shen H, Ke L, Chen J, Dang X, Liu B, Hua Y. Knowledge Mapping of
immunotherapy for hepatocellular carcinoma: a bibliometric study. Front
Immunol. 2022;13:815575.

LiuX, Zhao S, Tan L, Tan Y, Wang Y, Ye Z, Hou C, Xu Y, Liu S, Wang G.
Frontier and hot topics in electrochemiluminescence sensing technol-
ogy based on CiteSpace bibliometric analysis. Biosens Bioelectron.
2022;201:113932.

Chen C. Searching for intellectual turning points: progressive know!-
edge domain visualization. Proc Natl Acad Sci U S A. 2004;101(Suppl
1):5303-10.

ZhangT, Zhai J, Zhang X, Ling L, Li M, Xie S, Song M, Ma C. Interactive
web-based annotation of plant microRNAs with iwa-miRNA. Genom
Proteomics Bioinform. 2022;20:557-67.

Pérez-Herrero E, Ferndndez-Medarde A. Advanced targeted therapies

in cancer: drug nanocarriers, the future of chemotherapy. Eur J Pharm
Biopharm. 2015;93:52-79.

Yang G, Xu L, Chao Y, Xu J, Sun X, Wu Y, Peng R, Liu Z. Hollow MnO(2) as a
tumor-microenvironment-responsive biodegradable nano-platform for
combination therapy favoring antitumor immune responses. Nat Com-
mun. 2017;8:902.

Lu J, Liu X, Liao YP, Salazar F, Sun B, Jiang W, Chang CH, Jiang J, Wang X,
Wu AM, Meng H, Nel AE. Nano-enabled pancreas cancer immunotherapy
using immunogenic cell death and reversing immunosuppression. Nat
Commun. 1811;2017:8.

Li SY, Liu Y, Xu CF, Shen S, Sun R, Du XJ, Xia JX, Zhu YH, Wang J. Restor-
ing anti-tumor functions of T cells via nanoparticle-mediated immune
checkpoint modulation. J Control Release. 2016,231:17-28.

Jain RK. Normalizing tumor microenvironment to treat cancer: bench to
bedside to biomarkers. J Clin Oncol. 2013;31:2205-18.

Corbo C, Molinaro R, Parodi A, Toledano FN, Salvatore F, Tasciotti E. The
impact of nanoparticle protein corona on cytotoxicity, immunotoxicity
and target drug delivery. Nanomedicine. 2016;11:81-100.

Moon JJ, Huang B, Irvine DJ. Engineering nano- and microparticles to
tune immunity. Adv Mater. 2012,24:3724-46.

Hamdy S, Haddadi A, Hung RW, Lavasanifar A. Targeting dendritic cells
with nano-particulate PLGA cancer vaccine formulations. Adv Drug Deliv
Rev. 2011;63:943-55.

Singh A, Peppas NA. Hydrogels and scaffolds for immunomodulation.
Adv Mater. 2014;26:6530-41.

Zhu G, Zhang F, Ni Q, Niu G, Chen X. Efficient nanovaccine delivery in
cancer immunotherapy. ACS Nano. 2017;11:2387-92.

von Roemeling C, Jiang W, Chan CK, Weissman IL, Kim B. Breaking down
the barriers to precision cancer nanomedicine. Trends Biotechnol.
2017;35:159-71.

Duan X, Chan C, Lin W. Nanoparticle-mediated immunogenic cell death
enables and potentiates cancer immunotherapy. Angew Chem Int Ed
Engl. 2019;58:670-80.

Guan M, Zhou Y, Liu S, Chen D, Ge J, Deng R, Li X, YuT, Xu H, Sun D, Zhao
J, ZouT,Wang C, Shu C. Photo-triggered gadofullerene: enhanced cancer
therapy by combining tumor vascular disruption and stimulation of anti-
tumor immune responses. Biomaterials. 2019;213:119218.

Galluzzi L, Buqué A, Kepp O, Zitvogel L, Kroemer G. Immunogenic

cell death in cancer and infectious disease. Nat Rev Immunol.
2017;17:97-111.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

Page 18 of 18

Sun D, Zhou S, Gao W. What went wrong with anticancer nanomedicine
design and how to make it right. ACS Nano. 2020;14:12281-90.

Brandl F, Busslinger S, Zangemeister-Wittke U, Pltickthun A. Optimizing
the anti-tumor efficacy of protein-drug conjugates by engineering the
molecular size and half-life. J Control Release. 2020;327:186-97.

Hicklin DJ, Ellis LM. Role of the vascular endothelial growth factor path-
way in tumor growth and angiogenesis. J Clin Oncol. 2005;23:1011-27.
Sindhwani S, Syed AM, Ngai J, Kingston BR, Maiorino L, Rothschild J, Mac-
Millan P, Zhang Y, Rajesh NU, Hoang T, Wu J, Wilhelm S, Zilman A, Gadde
S, Sulaiman A, Ouyang B, Lin Z, Wang L, Egeblad M, Chan W.The entry of
nanoparticles into solid tumours. Nat Mater. 2020;19:566-75.

Cheng YH, He C, Riviere JE, Monteiro-Riviere NA, Lin Z. Meta-Analysis

of nanoparticle delivery to tumors using a physiologically based
pharmacokinetic modeling and simulation approach. ACS Nano.
2020;14:3075-95.

Jain RK; Stylianopoulos T. Delivering nanomedicine to solid tumors. Nat
Rev Clin Oncol. 2010;7:653-64.

Bae YH, Park K. Targeted drug delivery to tumors: myths, reality and pos-
sibility. J Control Release. 2011;153:198-205.

Setyawati MI, Tay CY, Chia SL, Goh SL, Fang W, Neo MJ, Chong HC, Tan SM,
Loo SC, Ng KW, Xie JP, Ong CN, Tan NS, Leong DT. Titanium dioxide nano-
materials cause endothelial cell leakiness by disrupting the homophilic
interaction of VE-cadherin. Nat Commun. 2013;4:1673.

Peng F, Setyawati MI, Tee JK, Ding X, Wang J, Nga ME, Ho HK, Leong

DT. Nanoparticles promote in vivo breast cancer cell intravasation and
extravasation by inducing endothelial leakiness. Nat Nanotechnol.
2019;14:279-86.

Peranzoni E, Lemoine J, Vimeux L, Feuillet V, Barrin S, Kantari-Mimoun C,
Bercovici N, Guérin M, Biton J, Ouakrim H, Régnier F, Lupo A, Alifano M,
Damotte D, Donnadieu E. Macrophages impede CD8T cells from reach-
ing tumor cells and limit the efficacy of anti-PD-1 treatment. Proc Natl
Acad Sci U S A.2018;115:E4041-50.

LuK, He C,Guo N, Chan C, NiK, Lan G, Tang H, Pelizzari C, Fu YX, Spiotto
MT, Weichselbaum RR, Lin W. Low-dose X-ray radiotherapy-radiodynamic
therapy via nanoscale metal-organic frameworks enhances checkpoint
blockade immunotherapy. Nat Biomed Eng. 2018;2:600-10.

Thomas SN, Vokali E, Lund AW, Hubbell JA, Swartz MA. Targeting the
tumor-draining lymph node with adjuvanted nanoparticles reshapes the
anti-tumor immune response. Biomaterials. 2014;35:814-24.

Luo M, Wang H, Wang Z, Cai H, Lu Z, Li Y, Du M, Huang G, Wang C, Chen
X, Porembka MR, Lea J, Frankel AE, Fu YX, Chen ZJ, Gao J. A STING-
activating nanovaccine for cancer immunotherapy. Nat Nanotechnol.
2017;12:648-54.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Forefronts and hotspots evolution of the nanomaterial application in anti-tumor immunotherapy: a scientometric analysis
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Data collection and retrieval strategy
	Statistical analysis

	Results
	General overview
	Journal correlation analysis
	Author related analysis
	Keywords correlation analysis
	Country related analysis
	Correlation analysis of key papers
	Correlation analysis of impact factor

	Discussion
	Anchor 20
	Acknowledgements
	References


